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Abstract

This PhD dissertation focuses on the Pb14Sn,Se and a-Sn (grey tin) thin film topological
materials, which belong to the topological crystalline insulators (TCI) and the Luttinger
semimetal classes of materials, respectively. The unique property of the topological materials
is the presence of the topologically protected gapless surface states, and their behaviour
under external perturbation is of great interest. In particular, understanding the band
structure at the interface of TCI and magnetic material (MM) holds the potential to realise
exotic electronic properties and pave the way for novel spin-orbitronic devices. The
topological phases of a-Sn can be tuned by strain or magnetic field, opening the way for
possible applications in topological electronics.

In the research for this dissertation, the molecular beam epitaxy (MBE) method was used to
produce high-quality thin films of Pb1.xSnxSe TCI as well as compressively strained a-Sn in the
Dirac semimetal (DSM) phase, grown on hybrid insulating CdTe/GaAs (001) substrates.
Structural characterisation of the epilayers was carried out by Reflection High-Energy
Electron Diffraction (RHEED), X-ray diffraction (XRD), scanning electron microscopy (SEM)
and atomic force microscopy (AFM).

The electronic structure and spin polarization of the surface states of Pbi.xSniSe were
investigated using angle-resolved photoelectron spectroscopy (ARPES) and spin-resolved
ARPES (SR-ARPES). These studies not only tested the predictions of the band gap opening
resulting from the magnetic impurities on the surface of the TCI but also revealed the
existence of Rashba-split surface states (RSS) induced by the deposition of a submolayer
amount of transition metal (TM) on the surface of the TCI. The results obtained demonstrate
the tunability of the Rashba coefficient within the range from 0 to 3.5 eV-A, along with the
absence of a surface states band gap opening of magnetic origin, after TM deposition on the
surface of TCI. SR-ARPES investigations conducted at higher photon energies revealed helical
spin polarization in both the TCI and normal insulator (NI) phases of Pb1.xSnxSe, with in-plane
spin polarization reaching up to 30%. Remarkably, the TCI-NI transition was observed,
triggered by surface compositional changes as a result of TM deposition, rather than surface
magnetism from magnetic impurities.

The electronic structure of compressively strained a-Sn was also examined by ARPES. The
studies performed revealed the presence of topological Dyakonov-Khaetski states and proved
the presence of a DSM phase in compressively strained a-Sn, grown on hybrid insulating
CdTe/GaAs (001) substrates.

This work also provided a basis for further optical and transport investigations of topological
materials through important contribution to development of the MBE growth technology of
such materials and by supplying appropriate structures. Additionally, it proved that a-Sn
grown on insulating hybrid substrates is an attractive material for the exploration of
relativistic physics, including chiral anomaly.
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Chapter 1

Aim and structure of the thesis

1.1 Motivation and aim of the thesis

The discovery of topological insulators (T1) in 2006 [1] started the era of topological materials
in the field of condensed matter physics. Various new topologically protected phases of matter
were discovered in the following years in one, two, and three dimensions, including, but not
limited to, topological crystalline insulators (TCI) and Dirac semimetals (DSM). Topological
materials provide new opportunities for superconductivity, information storage and control
[2], or spin and charge transport via spin-filtered edge states [3]. They can find electronic
applications in spintronics and magnetoelectronics, leading to new developments in the field
of electronics [4]. Of many possible topological phases, the topological insulator / magnetic
material (TI / MM) interface is of great interest [5], as the MM can change the efficiency of the
spin-charge conversion of the TIs [6], yet this area is relatively unexplored. Even less
investigations have been conducted on TCI / MM interfaces, despite the large spin-orbit
coupling present in the TCIs [7] that can find use in spin-orbitronic devices. Studying the band
structure at the said interfaces is critical for understanding and realising new devices based
on their exotic electronic properties. On the other hand, studying the evolution of the spin
texture of the TCIs when passing through the topological - normal insulator (NI) transition
can extend the range of materials suitable for spintronics applications. The helical spin texture
of TCI can be preserved in the normal insulator phase, as has been shown experimentally [8].
Coupled with the high sensitivity of the TCI to external perturbations that can induce the TCI-
NI transition [9-11], it opens the possibility of using lead-tin chalcogenide based TCIs as
active elements of spintronic devices. The DSM topological phase can be transformed into a
Weyl semimetal (WSM) under breaking of time reversal or inversion symmetry, opening a
new field of Weyl topology, with phenomena such as chiral anomaly or chiral magnetic effect
[12].

The aim of this work was to grow by molecular beam epitaxy (MBE) epilayers in a form or
orientation that is not achievable for the bulk crystals and to study their band and spin
structure. The materials of interest were Pb1.xSnxSe and a-Sn topological thin film materials.
The TCI / TM interface was examined by ARPES in order to provide a better understanding of
the band structure evolution dependent on the amount of TM on the surface of the TCI. The
TCI-NI transition in Pb1.xSnxSe was studied by SR-ARPES to understand the spin texture of the
Pb14Sn,Se TCI in both phases, as well as its evolution through the transition. The a-Sn DSM
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was studied in a structure design that had not been examined before by ARPES, to
complement a larger study of DSM and WSM phases in the a-Sn [13].

The thesis had the following objectives:

e MBE growth of thin and ultra-thin Pb1.xSn,Se epilayers on polished and cleaved (111) BaF;
and thin Pb1.4Sn,Se epilayers on cleaved (001) KCl;

e Comparison of the MBE growth of Pb:Sn\Se epilayers using both elemental and
stoichiometric compound sources;

e MBE growth of a-Sn on insulating hybrid CdTe/GaAs substrates to provide a platform for
a wide range of experiments;

e Structural characterization of the epilayers;

e Analysis and understanding of the band structure of Pb1xSniSe and a-Sn obtained with
the use of ARPES;

e Verification of the theoretical predictions of topological band gap opening at (001) and
(111) surfaces of Pb1.xSnxSe caused by the surface doping of TCI with magnetic impurities;

e Study of the topological transition in Pb1.xSnxSe under the deposition of the TM;

e Analysis and understanding of the spin texture of (111)-oriented Pb1.«SnySe obtained with
SR-ARPES.

In this thesis, (111) and (001) oriented Pb14SnySe TCI, as well as (001) oriented a-Sn (in DSM
phase) epilayers were grown using newly installed Veeco MBE multi chamber system.
Pb1.4Sn,Se films were transported either with protective amorphous Se layer or under ultra-
high vacuum (UHV) conditions to synchrotron facility in Krakéw for in-situ submonolayer
thick amount of Fe or Mn transition metal (TM) deposition and further Angle-resolved
photoelectron spectroscopy (ARPES) and spin-resolved ARPES (SR-ARPES) measurements.
The a-Sn films were transported under ultra-high vacuum (UHV) conditions for ARPES
measurements.

1.2 Structure of the thesis

Chapter 1 gives information about the motivation and aim of this thesis.

Chapter 2 introduces the topological class of materials. It provides information on the
observed phenomena and provides more detailed information about the TI, TCI, and DSM
topological phases. On the basis on that, it introduces the studied materials.

Chapter 3 explains the experimental methods and techniques employed in this work that
cover the manufacturing of the studied materials, their structural characterisation, and
electronic and spin structure. First, the Molecular Beam Epitaxy technique is explained, and
the Growth Module #2 (GM#2) VEECO GENxplor MBE System used is described. Since this
dissertation is the first one to use this new system, the description of the GM#2 is detailed
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because it can be very useful for future users of the system. Next, Reflection High-Energy
Electron Diffraction (RHEED) analysis technique is introduced and description of the
written program for simulation of RHEED patterns is provided. Then, structural
characterisation techniques are described. Finally, ARPES and SR-ARPES experimental
methods are described, and information on ARPES data processing method is provided.

Chapter 4 describes the MBE growth process of thin films of the studied materials and their
structural characterisation proving, that very high-quality thin layers were grown.
Section 4.1 compares (111) Pb1xSniSe grown using compound and elemental sources.
Section 4.2 discusses the quality of the Pb1xSnxSe samples further studied by ARPES and
SR-ARPES. Section 4.3 explains the growth method of PbiSn,Se epilayers thinner than
120 nm, which differs from the standard MBE growth of 1 um thick Pbi.Sn,Se epilayers.
Samples grown by this method are being investigated by the Group of Characterization and
Processing of the International Centre for Interfacing Magnetism and Superconductivity with
Topological Matter - MagTop of the Institute of Physics PAN (ON6.3). Section 4.4 describes

the growth process and gives a structural characterisation of a-Sn samples further studied by
ARPES. The chapter ends with a summary of the growths and the experience gained.

Chapter 5 presents the main results of this thesis obtained with the use of ARPES and
SR-ARPES. First, the influence of transition metal deposition on the surface of (001)- and
(111)-oriented Pbi4SnySe is discussed in Section 5.1 and Section 5.2, respectively. The
results presented here are being processed for publication [14]. Section 5.3 shows the first
experimental study of the spin-polarized band structure of (111) PbixSniSe across the
topological transition [15]. Section 5.4 shows the first experimental ARPES study of (001)
a-Sn grown on hybrid (001) GaAs/CdTe substrate. These results were submitted for

publication [13]. Each section ends with a summary.

In Chapter 6, conclusions and the summary of the results obtained is presented, as well as
the main scientific achievements of this thesis. The impact of the research on the broader
science field is presented.

The results presented in this dissertation were published:

[100] A. Kazakov, W. Brzezicki, T. Hyart, B. Turowski, ]. Polaczynski, Z. Adamus, M.
Aleszkiewicz, T. Wojciechowski, J.Z. Domagala, O. Caha, A. Varykhalov, G. Springholz,
T. Wojtowicz, V.V. Volobuev, and T. Dietl, Signatures of dephasing by mirror-
symmetry breaking in weak-antilocalization magnetoresistance across the
topological transition in PbixSnxSe. Physical Review B 103, 24 (2021),
https://doi.org/10.1103/PhysRevB.103.245307,
https://arxiv.org/abs/2002.07622.
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[15] B. Turowski, A. Kazakov, R. Rudniewski, T. Sobol, E. Partyka-Jankowska, T.
Wojciechowski, M. Aleszkiewicz, W. Zaleszczyk, M. Szczepanik, T. Wojtowicz, and V.V.
Volobuev, Spin-polarization of topological crystalline and normal insulator
Pb;_xSnxSe (111) epilayers probed by photoelectron spectroscopy. Applied Surface
Science 610, (2023), https://doi.org/10.1016/j.apsusc.2022.155434,
https://arxiv.org/abs/2212.00816.

Are being processed for publication:

[14] B. Turowski, 0. Caha, R. Rudniewski, N. Olszowska, ]J. Kotodziej, T. Wojtowicz, G.
Springholz, and V.V. Volobuev, Surface States of Topological Crystalline Insulator
Pb;_xSnxSe with Ultrathin Transition Metal Adsorbate. unpublished.

And have been submitted to be published:

[13] ]. Polaczynski, G. Krizman, A. Kazakov, B. Turowski, J.B. Ortiz, R. Rudniewski, T.
Wojciechowski, P. Dtuzewski, M. Aleszkiewicz, W. Zaleszczyk, B. Kurowska, Z.
Muhammad, M. Rosmus, N. Olszowska, L.-A. De Vaulchier, Y. Guldner, T. Wojtowicz,
and V.V.Volobuev, 3D Topological Semimetal Phases of Strained a-Sn on Insulating
Substrate. submitted to Advanced Functional Materials,
https://doi.org/10.48550/arXiv.2309.03951.

In the Appendix A, URANOS ARPES and PHELIX SR-ARPES beamlines that were used to
obtain ARPES and SR-ARPES data, are introduced.

In the Appendix B, lists of studied samples, list of figures and list of tables are given.

In the Appendix C, technical information about the written programs is provided, as well as
the code for the RHEED patterns simulations program. The code for the program is available
at https://github.com/turobart/RHEED-patterns.git. During my PhD studies, I wrote multiple

programs and scripts to automate work in the MBE laboratory and automate data analysis.
Improvements to the lab software were made in collaboration with Pawet Ungier, who was
responsible for the hardware. I wrote a Python Parameters monitor script for GM#1 and
GM#2, which:

e Monitors the flow and temperature of water in water enclosures of the effusion cells;
e Monitors the parameters of turbo pumps;
e Monitors the temperature of cryo pumps;

e Logs Data and displays graph of all monitored parameters.
This program greatly simplifies work in the laboratory.

[ also wrote and implemented a password-protected web server on a Raspberry Pi computer
to allow automatic and remote control of the flow of liquid nitrogen to GM#1 and GM#2.
Custom scripts allow for SMS notifications in the case of the predefined emergency. The
server has built in communication with Parameters monitor scripts. It also allows remote


https://doi.org/10.1016/j.apsusc.2022.155434
https://arxiv.org/abs/2212.00816
https://doi.org/10.48550/arXiv.2309.03951
https://synchrotron.uj.edu.pl/en_GB/linie-badawcze/uranos
https://synchrotron.uj.edu.pl/en_GB/linie-badawcze/phelix
https://github.com/turobart/RHEED-patterns.git
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control of the GM#1 RHEED shutter to remotely access RHEED in real time during long growth
processes. [ wrote the server code using HTML, CSS, JavaScript, php, SQL and Python. The web
page is accessible from both personal computers and mobile phones (with different layout of
the interface).

[ adapted the code of Python Parameters monitor script to make portable temperature
logging device, based on Raspberry Pi, for Edwards Cryo-Torr Cryopumps.

[ have written a number of Igor and Python scripts for working with data obtained during
ARPES measurements. These include procedures for plotting 3D cube maps from 3D data and
dynamically fitting the band structure of the studied materials. The scripts are available at
https://github.com/turobart/IgorPro-tools-ARPES.git.

Technical note

The abbreviations are provided in a list form at the beginning of the thesis. Each abbreviation
is expanded at the first occurrence in every chapter. The layout of this thesis is optimized for
reading on electronic devices in PDF form. Each abbreviation has a tooltip. When mouse
cursor is placed on the abbreviation, the full name appears after a short time. All internal
links to sections, figures, equations, and tables are marked in desaturated blue bold. All
external links are underlined and marked in blue. The pages at which the references appear,
are listed and linked in bold at the end of each reference in the bibliography.


https://github.com/turobart/IgorPro-tools-ARPES.git

Chapter 2

Theoretical introduction

In this chapter, basic information on topological materials is given. First, the theory regarding
the observed phenomena is presented. Then, the investigated materials are introduced. Given
the highly experimental character of this dissertation, in-depth theoretical formulations have
been avoided in favour of more intuitive explanations of the physics behind the discussed
topic.

2.1 Topological Materials

The initial theoretical introduction of a new class of materials, topological insulators (TI) [16,
17], based on the quantum spin Hall (QSH) effect [1], has led to extensive research in the
search for materials with topological properties. The special characteristics of the topological
phases (the topological invariants and the gapless boundary states) rely crucially on the
presence of certain symmetries, such as time-reversal or mirror symmetry. In 2D materials,
the boundary states are the edge states. In 3D materials, the surface supports the gapless
surface states. A topologically non-trivial material cannot be adiabatically deformed to a
trivial phase without breaking the respective symmetry [18], thus the term “topological
protection”. The gapless edge-states in the QSH insulators are protected by the time-reversal
symmetry, while the bulk band spectrum remains opened. The QSH effect is characterized by
unidirectional edge spin transport: the edge-states with opposite spin polarization propagate
in opposite directions at a given edge [19]. This type of insulator can be realized in systems
with strong spin-orbit interaction (SOI or spin-orbit coupling; SOC), responsible for the band
inversion [20], required for the presence of the gapless boundary states. A Z; [16] topological
invariant is used to mathematically characterise the topological properties of the QSH effect
[21]. The Z; index expresses whether the number of times the 1D edge state crosses the Fermi

level between 0 and g is even or odd (in the reciprocal space; a is the lattice constant) [22],

defining topologically trivial and non-trivial phases, respectively. In materials with mirror
symmetry, such as topological crystalline insulators discussed in Section 2.1.4, an integer
topological invariant called a mirror Chern number nyv [23] dictates the existence of the
surface states [24], that is, the non-zero value of nu is a signature of the topologically
protected phase with gapless surface states.

Soon after the initial prediction, the first experimental realisation of the QSH effect was
proposed [25] and realised [1] in HgTe quantum wells. Further investigations led to
discoveries on many new topologically protected phases of matter, including 3D TIs [26-28]
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and Dirac [29, 30], Weyl [31, 32] and nodal semimetals [33] or higher order TIs [34].
Crucially for this thesis, in 2011 the concept of “topological crystalline insulators” was
introduced by Liang Fu [35] to extend the classification of band structures by including
crystal point group symmetries.

2.1.1 Spin-orbit interaction

The spin-orbit interaction describes the relationship between the spin of an electron and its
orbital momentum. In the atomic physics, a single electron orbiting the nucleus is affected by
the following electric field:

- 1—)
E= _EVV (2.1)

The SOC is significant only in the small area around the atoms [36], as the potential
V(r) = —? is spherically symmetrical and thus V(r) = V(¥) and r = |F|, where Ze is charge

of the nucleus. In consequence:

. dvr
VW =—- (2.2)
drr
In its frame of reference, the electron propagating with velocity V is affected by magnetic field

coming from a positively charged nucleus orbiting the electron:

xE = (VV x P) (2.3)

B
c2 em c?

where e is the electron charge. Combining Equations (2.2) and (2.3) reveals that the orbital

angular momentum L is related to and has the same direction as the magnetic field B arising
from the movement of the electron:

oL (Vi S\_sz ° i 2.4
~ emc2\drr P)= mcr3 (24)

The spin s of an electron induces spin angular momentum S of the electron that creates a spin
magnetic dipole moment l:

. g 2
iy =getS (2.5)

where g. = 2.002318 is the electron spin g-factor and pg = % is the Bohr magneton. The

spin magnetic dipole moment of the electron experiences a torque due to the magnetic field B.
The torque rotates the spin magnetic dipole moment and, as an effect, it changes the energy
of the electron:
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—

AE = —li,B (2.6)

Combining Equations (2.4) and (2.5) with Equation (2.6) gives the change in the energy

levels of the electrons in the atom due to the spin (§) - orbit (f.) interaction:

ez . .

AE = (2.7)

2m?2c2r3

Since the crystal potential gradient vV depends on the charge of the nucleus, the heavier
elements exhibit a stronger SOC.

In the crystalline solid, energy bands En(f() are used to describe the motion of the electrons,
where n is the band index, and k is the wave vector. The band structures of the narrow gap
semiconductors can be effectively modelled by k- p method [37] in which

k- p term is produced when the kinetic energy operator in the Schrodinger equation for a
single electron in a periodic potential V is applied to a Bloch function ¥ [37]:

m

HY = (sz + V(F))‘P — BV (2.8)

y = uni((l-:)eif(f (2.9)

In 1955, Dresselhaus [38] extended the k- p method by introducing the spin-orbit
interaction, referred as Hso [20, 37], to the Schrodinger equation for a single electron in a
periodic potential, resulting in modification of the Equation (2.8):

2
p . h — — —
—+V —— (VW Xxp) o|¥=E¥Y .

(Zm A 4m?2c? ( p) G) (210
where 6 = (oy, oy, 0;) is the Pauli spin vector, h is reduced Planck constant, p is the

momentum operator, m is electron mass, and c is the speed of light. The Dresselhaus SOI
arises from the lack of inversion symmetry of the material bulk and was initially reported in
zinc-blende I1I-V semiconductors [38]. This requirement is not met in the materials studied
in this thesis, but a large SOC can result in the Rashba effect, band inversion, and spin-
momentum locking, described in Sections 2.1.2 and 2.1.3.

2.1.2 Rashba Spin-Orbit Coupling

In 1984 Bychkov and Rashba [39] proposed a simple SOC model in which a potential V(z),
acting along the surface normal, confines a 2D electron gas (2DEG). The gradient of such

. P dv . . . . . . . .
potential is VI = - % and the resulting Hamiltonian Hr is obtained by substituting this

gradient to the SOC Hamiltonian Hso from Equation (2.10):
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Hg = ag6 - (Z X K) (2.11)

where ar is the Rashba parameter. This parameter is proportional to the gradient of the
potential V that confines the 2DEG, and it controls the strength of the SOC [40]. The solution
of the Rashba Hamiltonian Hgr (Equation (2.11)) is the following dispersion relation:

21,2
E (R)=m+ k (2.12)
+ Ky om — ORKI

where k; = |k, |. Original spin degenerate parabolic band splits into two spin-splitted
branches (Figure 2.1 (a)), with opposite helical spin texture (Figure 2.1(b)). Their energy
splitting AE directly depends on the Rashba parameter and is expressed by: AE = ag - 2k;.
The Rashba parameter can be expressed as:

2K,

R = (2.13)
0

Potential V may be introduced by an external electric field normal to the surface [41] or by
surface deposition of donor atoms that induce the potential gradient [42-44].

Figure 2.1: Rashba SOC. (a) Schematic band structure with Rashba spin splitting. A spin-degenerate
parabolic band (yellow) splitted by SOC into two spin polarized sub-bands (red and blue). (b) Constant
energy contour of image (a). Band schematic in (a) is obtained using Equations (3.24) and (3.26), for the
spin-degenerate (yellow) and splitted bands (red and blue), respectively.

Spin splitting by SOC is forbidden in systems with a centre of inversion and does not occur in
most solids [45]. The inversion symmetry is broken by the crystal surface, which allows the
surface states with the same wave vector f(" and opposite spins to be splitted [46]. Breaking

of the inversion symmetry on the surface leads to the Rashba SOC [47].
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2.1.3 Topological Insulators

The first realization of the TI was performed in HgTe/(Hg,Cd)Te quantum wells [1] and was
possible because of the strong SOC in this system. A high charge number of Hg, Cd, and Te
atoms requires a relativistic approach, resulting in the following Hamiltonian for an electron
in solid:

H = H1 + Hrel + HSO (214)

2
Where H; = Zp—m + V(¥) is a non-relativistic term, Hrel contains the relativistic corrections, and

Hso is the Dresselhaus spin-orbit interaction term, since the HgTe/(Hg,Cd)Te has zinc blende
crystal structure. These corrections increase in strength with the atomic number [48], as
larger charges of the nuclei cause faster movement of the electrons in their orbits.

Figure 2.2 shows the influence of consecutive corrections on the band structure of cadmium
telluride (CdTe) (a) and mercury telluride (HgTe) (b) at I point. The energy levels derived
from the non-relativistic Hi term are the same for both compounds, but differ when the
consecutive corrections are applied. The introduction of the SOC leads to inversion of the
valence and conduction bands in the HgTe and, consequently, to a negative bulk band gap.

(a) CdTe (b) HgTe
T.(s) I'i(s)
........ 1"6
EH
I'5(p) ) A_..v——ra [15(p) ! __EY:_ Iy
YA =T
20/3 A
r7 F?
H;, + Hy + Hgo H; + Hy + Hso

Figure 2.2: Formation of the energy levels atI' point in CdTe and HgTe. Adapted from Ref. [20].

The inversion of I's and I's bands, combined with time reversal symmetry, results in the
presence of the gapless surface states, while the bulk band gap remains open. The reduction
of the size of the TI in one of the dimensions below a certain thickness leads to hybridisation
of the surface states. This results in boundary edge states, which can be realised in thin films
or quantum wells, as reported for the first time by Konig et al. [1]. If the band inversion takes
place at an uneven number of points in the Brillouin zone, defined by the value of the Z;
topological invariant, the material is topologically non-trivial. In this case, a pair of two spin
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non-degenerate edge states (Figure 2.3) cross at the band inversion point at k = 0. This
results in the formation of spin-polarized Dirac Cones (DC), characterised by linear
dispersion, and a Dirac Point (DP) at the crossing point. The names come from the fact that
these cones are described by employing the Dirac equation, with the rest mass set to zero
[49].

Energy

:Valence band
k=0 k

Figure 2.3: Energy dispersion of the spin non-degenerate edge state of a 2D TI forming a 1D Dirac
cone. Adapted from Ref. [22].

The edge-states are protected from the elastic backscattering, since their spin axis is coupled
to the momentum, and remains perpendicular to i(n [46], as shown in Figure 2.6 (c). This
effect is called spin-momentum locking and is a result of the SOC. The Hso depends on the
vector product of momentum p and potential gradient vV (see Equation (2.10)). The

potential gradient 4% points along the surface normal and the momentum vector of the
surface states lays in the plane of the surface:

p = hk, (2.15)

where K| is wave vector in the surface plane. As a result, the spin axis remains in the plane of

the surface, but rotates around, remaining perpendicular to f(" [46].

2.1.4 Topological Crystalline Insulators

The first material realisation of the topological crystalline insulator (TCI) was theoretically
predicted in the tin telluride (SnTe) material class [24] and was later experimentally
confirmed by Angle-Resolved Photoelectron Spectroscopy (ARPES) measurements [50]. SnTe
has a rock salt crystal structure (see Figure 2.4 (a)) and the non-trivial topology in this
system is protected by the crystal mirror symmetry of the (110) plane and surface states exist
on {001}, {110}, and {111} crystal surfaces. Dirac cones form in high-symmetry surface points
of 2D Brillouin zones (2DBZ) situated at the lines of the mirror plane symmetry in the 3D
Brillouin zone (3DBZ), as shown in Figure 2.4 (b). The 3DBZ of the (110)-oriented crystal is
not shown, since only (001) and (111) samples were studied in the scope of this thesis.
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It is convenient to compare the band structure of SnTe with that of a normal insulator lead
telluride (PbTe) to explain the origin of the non-trivial topology. For both compounds, a direct
band gap is located at the L points of the Bouillon zone. In the case of the trivial PbTe, L{ state
is the valence band (VB) edge and state Ly is the conduction band (CB) edge, whereas in the
case of the non-trivial SnTe the situation is reversed [51], as presented in Figure 2.5.

(a) (b)

Metal Chalcogen
atom

Figure 2.4: Schematic representation of (a) rock salt crystal structure of a chalcogenide with (110)
mirror plane marked and 3DBZs for (b) (001)-, and (c¢) (111) oriented rock salt crystal, with the
corresponding 2DBZs (in blue). {111} mirror planes are marked in dark red. Metal atoms: Pb and/or Sn,
chalcogen atoms: Se and Te.

In the initial theoretical model that predicted TCI in SnTe [24], this inversion was explained
by deriving VB and CB in PbTe from the p-orbitals of the Te and Pb atoms, respectively, and,
by deriving VB and CB in SnTe from the p-orbitals of the Sn and Te, respectively. However, it
has recently been reported [52] that the CB and VB are primarily composed of the p-orbitals
and the molecular orbitals arise from nearest-neighbour s/p-interactions. As a result, SnTe
has an inverted band structure and alloying it with PbTe allows for band gap engineering and
realisation of the mirror symmetry-protected TCI phase in Pb1.xSnxTe [53].

PbTe Pb,,Sn,Te SnTe

x=1 x=0

Figure 2.5: Schematic representation of the conduction and valence bands for PbTe and SnTe.

The mirror symmetry of the rock salt structure and the band inversion in SnTe dictate the
presence of topological gapless surface states (see Figure 2.6 (b)) with linear dispersion,
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forming a DC in the bulk band gap, which exhibit helical spin texture due to spin-momentum
locking [54], shown in Figure 2.6 (c).

Due to Sn vacancies, SnTe crystals tend to be of a heavy p-type [55, 56]. This results in the
Fermi energy Er being below the maximum of the VB, and consequently, in the surface states
being unoccupied. SnTe crystals undergo a rhombohedral phase transition [57] that leads to
breaking of the crystal mirror symmetry of the rock salt structure. These obstacles might be
mitigated [50], with ternary substitutional alloy PbixSexTe class of materials being one of the
ways to realise TCI [53]. Another system in which TCI can be realised is Pb1.xSexSe [10]. This
material is discussed in more detail in Section 2.2.1, since its study is the focal point of this
thesis.

(b) (c)

(a)
A -w-Epe-e-
CB; ’
k|I

Energy

—_— —l<"
Trivial Insulator Topological Crystalline

Insulator

Figure 2.6: Schematic drawing of the band structure of the trivial insulator and the topological
crystalline insulator, (a) and (b) respectively. The blue and red lines mark spin-resolved topological
surface states (TSS) forming a Dirac cone (DC). (c) Fermi surface of (b) showing helical spin texture of the

TSS coming from the spin-momentum locking.

2.1.5 Dirac Semimetals

The Dirac semimetal (DSM) is a material in which the conduction and valence bands touch
each other in some points of Brillouin zone (BZ) and the bulk band gap is closed in fourfold
degenerate points, called Dirac points (DP; Figure 2.7 (a)). Time reversal (T) and inversion
(I) symmetry are required for the formation of DPs, but are not sufficient to ensure their
topological protection [58]. This requires additional space group symmetries that keep DPs
intact as symmetry-protected degeneracies [58]. This symmetry exists in a-Sn, which is
discussed in Section 2.2.2. Breaking of either T [59] or I [60] symmetry results in separation
of the DP into a pair of Weyl nodes (or Weyl points, WP) with opposite chirality and a
transition of the DSM into a Weyl semimetal (WSM). Objects of opposite chirality are mirror
images of each other that cannot be physically superimposed, and are commonly referred to

have left or right hand chirality. The chirality index Z = k- (8 X E) defines the relation
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between wave vector K, polarization spin ¢ and symmetry-breaking field E [61]. The hat (*)
symbol indicates unit vectors. For Z = 1, the chirality is called “right-handed”, while for Z = -1,
the chirality is called “left-handed”. If the band crossing points of the WPs are located at Ep,
the Fermi-arc surface states connect the pair of nodes [32]. The dispersion around the WPs
is linear and resembles the Weyl equation [62], which is a simplified two-component Dirac
equation that gives a dispersion relation for left and right moving (chiral) particles, hence the
name ‘Weyl semimetal’ [32]. The chirality (or handedness) is an innate property of Weyl
fermions, and a pair of Weyl fermions with opposite chirality can be combined into a Dirac
fermion [58] when T and I symmetries are preserved.

(b)

B B E

Figure 2.7: Schematic image of the electron spectrum in DSM and WSM. (a) Single Dirac cone in DSM
with a Dirac point (DP) labelled. (b) Pair of opposite chirality Dirac cones (with Weyl points WP labelling
points of band closing) emerging from separation of the DC under T symmetry breaking by external

magnetic field B. (c) Presence of parallel magnetic B and electric E fields effects in difference of the chemical
potentials p for left and right handed Dirac cones. Image based on Ref. [63].

Applying magnetic field to DSM breaks the T symmetry and splits DP into a pair of WPs, with
opposite chirality, along the direction of the field [59], as shown in Figure 2.7 (b). If an
electric field, parallel to the direction of the magnetic field, is applied to the WSM, a difference
in the chemical potentials u for the left and right handed cones is created (Figure 2.7 (c))
resulting in an electron spectral flow between the cones that balances their electron
population [63]. This effect is called the chiral or Adler-Bell-Jackiw anomaly [64] that leads
to exotic transport behaviours in condensed matter, such as negative longitudinal
magnetoresistance, angular-dependent interlayer resistance, and the planar Hall effect [65].
This makes the WSM and DSM classes of materials interesting for the research of relativistic

effects in the solid state, as well as for possible low-power consumption electronic devices
[66].

2.2 Topological materials investigated in this thesis

In this section, Pb1.x<SnySe TCI and a-Sn Luttinger semimetal are introduced.



2.2 Topological materials investigated in this thesis 15

2.2.1 Pbl-xsnxse

Pb1.xSnxSe is a narrow-gap semiconductor and ternary substitutional alloy of PbSe and SnSe.
Its band gap ranges from 0.27 eV (PbSe, direct [67, 68]) to -0.68 eV (rock salt SnSe, direct
[69]) with a bulk band gap closing at xs, = 0.3 at room temperature. Because of this, both
PbSe and PbixSniSe were extensively studied and used for the generation [70, 71] and
detection [72, 73] of infrared radiation, as the 0.27 eV band gap of PbSe corresponds to
4.6 ym wavelength, which can be further increased by decreasing the band gap through
alloying with SnSe (see Figure 2.8).
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Figure 2.8: Band gap dependence on composition of Pb1.xSnxSe in 300 K, 200 K, 77 K and 4 K. Red
dashed lines mark average compositions grown samples, discussed in Chapter 4. Adapted from Refs. [67,
68].

Furthermore, PbSe has long been known for its good thermoelectric properties [74] and SnSe
has been more recently shown to be an interesting thermoelectric material [75]. Both
compounds are promising candidates for the effective use of the Seebeck and Peltier effects
[76], due to their low thermal conductivity [75] or their ability to increase the Seebeck
coefficient [77] that influence the figure of merit zT, which quantifies the efficiency of the
material to convert heat into electricity [78].

The work of Liang Fu [35], defining the new “topological crystalline insulator” class of
materials, renewed the interest in the Pb1.xSnsSe, especially in the single crystal phase [10,
79]. It was shown to undergo the topological phase transition from normal insulator (NI) to
TCI induced by Sn content increase [9], by cooling down the material [10] or applying
pressure [80]. To conserve the required crystal point symmetries Pb1.xSnxSe must retain the
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rock salt structure, which is obtained for composition with xs, in the range of 0 to 0.4 [67].
For this reason, the samples presented in this thesis are limited to the Sn content xs, < 0.35.
The increase in Sn content in Pb1.xSnxSe, crucial to obtaining the TCI phase, results in high
bulk hole concentrations [81] due to the intrinsic p-type character of SnSe coming from its
tendency to cation vacancy formation [82]. To circumvent this and obtain n-type samples,
fine bismuth (Bi) doping is employed [83]. In the studied samples, Bi doping was kept below
0.016%. If the doping is high enough (more than 1%), the Pb1.4SnySe (111) system transitions
from TCI to Z, TI and TSS gap opens at I point [9].

The films studied in the scope of this thesis were grown along [001] and [111]
directions. Figure 2.4 (a) shows rock salt structure of the Pb1..SnsSe with indicated non-polar
and polar (001) and (111) atomic planes. Images (b) and (c) show 3DBZs and 2DBZs for (001)
and (111), respectively, oriented rock salt crystal, with positions of DCs at high-symmetry
surface points. On the (001) plane, DCs exist at X points and correspond to two L points of the
3DBZ projecting to (001) 2DBZ. On the (111) plane, DCs exist at six M points at the edge of the
2DBZ, each corresponding to one L point of the 3DBZ, and at T.

The initial prediction of topological crystalline insulators [35] does not require SOC in order
to support gapless surface states but in the real material it is responsible for the band
inversion and thus it is necessary for TSS to appear.

Despite the fact that Pb1xSn,Se has been studied for many decades, it still is an interesting
platform for basic and application oriented research, as well as research of effects that are
important for applications.

2.2.2 a-Sn

Grey tin (a-Sn) is an elemental topological material that belongs to the Luttinger semimetal
class of materials. It can undergo phase transitions from zero-gap semiconductor (ZGS) to
topological insulator and Dirac semimetal induced by strain engineering [84]. The Luttinger
semimetal is a general name for semimetals in which the bulk spectrum consists of two
double-degenerate quadratic bands with opposite signs at k = 0 [85]. The name comes from
the model [86] derived by Luttinger for a system with full cubic symmetry near I point at
k=0. The grey tin has the diamond cubic structure, as presented in Figure 2.9 (a).
Figure 2.9 (b) shows the BZs corresponding to (001) a-Sn. The I' point of the 3DBZ projects
to the T point of (001) 2DBZ, near which ARPES studies of the electronic structure were
carried out. Compared to other group IV materials with the diamond structure, the unstrained
a-Sn has an inverted band ordering [84, 87]: at I point the s-orbital-dominated I';" state is
below p-orbital-derived I'{ state, located at the Fermi level (Er), Figure 2.9 (c), middle. This
inversion allows for the existence of topologically non-trivial states. At I' point heavy-hole
(HH) valence band maximum and inverted light-hole (iLH) conduction band minimum touch
at fourfold degenerate I'y [88]. The degeneracy of this band is a consequence of the cubic



2.2 Topological materials investigated in this thesis 17

symmetry of the diamond structure [89]. If a directed perturbation to the lattice structure is
applied, such as uniaxial strain, the symmetry of the lattice is reduced and, as a result, the
degeneracy at k = 0 is lifted and the degenerate I'{" band splits into Il and I} bands [84].
Under in-plane tensile or compressive strain a-Sn becomes TI or DSM, respectively [87], as
presented in Figure 2.9 (c) left and right. The tensile strain pushes Il band down and I}
band up opening bulk band gap. Because of this and the band inversion in unstrained a-Sn, it
becomes TI. The compressive strain pushes I} band up and I’} band down and causes two
discrete band crossing points, Dirac points, and thus shifts the system to the DSM phase.

As mentioned in Section 2.1.5, additional space group symmetries are required to keep Dirac
nodes intact. In the case of a-Sn, D4, point group symmetry is responsible for the protection
of DP [85].
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Figure 2.9: Crystal and electronic structure of a-Sn. (a) Unit cell of a-Sn with Fd3m space group, with
positive (€ < 0) compressive in-plain strain direction marked by black arrows. (b) Corresponding bulk and
(001) surface BZs with high-symmetry point locations labelled. (c) Topological phase diagram in vicinity of
I’ point a-Sn under negative to positive in-plane strain, left to right, respectively. Tensile strain, €, & > 0,
causes topological band gap opening and, as a result, the transition to a TI phase; unstrained a-Sn is a ZGS;
under compressive strain, €, & < 0, a-Sn becomes a DSM with two Dirac points. iLH stands for inverted light
holes and HH for heavy holes. Image (c) adapted from Refs. [84, 87].
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The introduction of strain may be achieved by growing thin layers of tin on a substrate with
a mismatched lattice constant. The epitaxial growth of thin films also makes it possible to
obtain a stable a-Sn phase above room temperature [90], as the grey tin in bulk form is stable
only below 13.2 °C [91, 92]. Above this temperature, it undergoes a phase transition to white
tin ($-Sn) making it difficult to study the a-Sn.



Chapter 3

Experimental methods

In this chapter, the basics of the experimental techniques used are discussed, and the
experimental systems used are presented briefly. Molecular Beam Epitaxy (MBE) and
Angle-resolved photoelectron spectroscopy (ARPES) are emphasised since they were the
main experimental techniques [ used. First, MBE is discussed, followed by a description of the
VEECO GENxplor MBE GM#2 system used and the description of the growth and transfer of
the grown samples to the ARPES facility. Next, Reflection High-Energy Electron Diffraction
(RHEED) is described in the context of the results presented in the Chapter 4. Then
characterisation techniques: X-ray diffraction (XRD), Scanning electron microscope
(SEM), and Atomic force microscopy (AFM) are described. Finally, ARPES, Spin-resolved
angle-resolved photoelectron spectroscopy, and ARPES data processing (SR-ARPES) are
discussed. Technical information about ARPES and SR-ARES systems is given in Appendix A.

3.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy is a well-established method [9, 83, 93] of growing high quality thin
epitaxial structures made of insulators, semiconductors, or metals. In epitaxial growth, a
crystal of a particular crystallographic orientation grows on another crystal. The orientation
of the substrate crystal determines the orientation of the grown crystal. In MBE, a molecular
beam of elements impinges on a substrate, kept at controlled temperature, and typically
crystalizes in a thin film form. It also allows for controlled growth of other 2D structures such
as supper-lattices and quantum wells, as well as 1D nanowires and 0D quantum dots, but
growth processes of these structures require additional steps and typically are more
complicated than growth of thin films. The sources for the beams typically are effusion cells
filled with the materials used, which are heated to allow their effective evaporation or
sublimation. The ultra-high vacuum (UHV) environment (pressure in the growth chamber
less than 10 mbar) ensures the high purity of the grown epilayer by preserving the
molecular beam nature of the mass flow from the sources and limiting the possibility of
adsorbing unintentional contaminants from the residual gas in the growth chamber. The
former is preserved when the mean free path (MFP) of the molecules of the used material is
greater than the distance between the source orifices and the substrate. The MFP is the
average distance traversed by the molecules between successive collisions, and can be

expressed as:
1
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(3.1)
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where d is the molecular diameter, n is the concentration of the gas molecules in the vacuum,

and is related to the beam pressure p and temperature T by n = kLTwhere kg is the Boltzmann
.

constant. Assuming that the molecules of the beam (dp) and the residual gas (dg) create a
dp+dg
2
chamber, ensuring no collision between molecules, can be expressed as [94]:

mixture of two gases (dpg = ), the maximal pressure of the residual gas in the growth

Lgl_\/?"r['nb'd%
n-dﬁg

pg=kg-T (3.2)

where Ly is the distance between a source and the substrate, and typically it is less than 0.5 m.
For PbixSn,Se MBE growth, relevant for this thesis, pg can be calculated using:
db = dppse = 6.04x10'1°m, T=350°C (623 K), dg=3.74x101° [94] and cell operating
temperature of 525 °C (798 K, used for n, calculation), and equals pg=6.42x10%Pa =
6.42x10* mbar. To simplify the calculation, the size of the PbSe molecule is used as dbp,
because for the growth of Pb1.xSnxSe in Growth Module #2 MBE compound sources (PbSe and
SnSe) are used. The dpbse is calculated as the sum of th radii of the Pb (1.75 A) and Se (1.20 A)
atoms plus Pb-Se bond length (3.09 A). The value of p, obtained shows that the UHV (< 10
mbar) is more than sufficient to ensure the molecular beam nature of the mass flow.

The composition of films is controlled by the relative rate of molecular beams at the substrate
position. This rate also affects the thickness of the epilayer and its doping if additional dopant
elements are used. The typical growth rate is maintained at 1 um/hour (~1 monolayer/s)
ensuring a very smooth surface of the grown films. Such a low growth rate leads to more
rigorous base pressure limits, needed to achieve negligible levels of unintentional
contaminants in epilayers. A clean epilayer is grown if the deposition time of a single
monolayer (ML) of contaminants (tg) is much greater than the deposition time of a single ML
from the molecular beams. In the case of PbixSn,Se grown in Growth Module #2 MBE,
following molecular beam fluxes were used to obtain a growth rate of ~1 ML/s for an epilayer
with xs, = 0.34: PbSe 1.61x10-¢ mbar, SnSe 4.9x10-7 mbar. The base pressure of the chamber
is 10-19 mbar, however, in Residual Gas Analyser (RGA) scans only H is detected above 10-10
mbar. Other prominent vacuum contaminants, namely H20, N2, and CO2, are below 10-1t mbar,
with other possible contaminants at levels below 10-12 mbar. In these conditions, the
deposition time of a single layer of contaminants can be estimated as t, ~ 14 hours when
taking into account molecular beam fluxes needed to grow 1 ML of Pb1.4SnxSe. The t; obtained
is of a similar order as that required for the growth of a clean epilayer defined in Ref. [94].
UHV conditions are needed to ensure minimal contamination of the epilayer coming from
residual gas in the growth chamber.

The schematic image of a typical MBE growth chamber is presented in Figure 3.1. The
chamber is surrounded by a liquid nitrogen (LN:) shroud (cryopanel) that stabilises the
conditions inside when the cells and/or the sample are heated. It prevents reevaporation of
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the materials from previous growths that could have been deposited on the inside walls of the
chamber. Cryogenic pumps maintain UHV, which is monitored by a dedicated ion gauge. The
source materials are placed in heated crucibles located in the effusion cells. The cells are
cooled by a constant flow of water in their water enclosures to ensure stable thermal
conditions. Molecular beams that come from cells can be blocked by shutters to selectively
start or stop a given beam. This allows for precise control over the composition of grown
structure, its doping, and growth time, which correlates to its thickness that can be controlled
on an atomic level. The beam flux pressure of the materials is controlled by the temperature
of the effusion cells and is measured by a flux monitor (BFM), a vacuum gauge moved to a
position in front of the substrate, that measures current of ionised beam between two
electrodes. The more ions go through the space between the electrodes, the bigger the
measured current intensity, which is directly related to the gas molecule density, that is, the
gas pressure (given in mbar). The deposition rate is measured in-situ using a quartz crystal
microbalance (QCM) [95] moved to the same position as the BFM. In this case, the material is
deposited on a vibrating quartz crystal resonator. Given parameters for the measured
material, the change in the resonator frequency is recalculated to the deposition rate in
angstroms per second. The composition and thickness of the film can be directly calculated
from the measured material deposition ratio and the deposition rate, respectively. Similarly,
the flux ratio may be used to calculate the composition as well as, with prior growth rate
calibration, the thickness of the grown film.
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Figure 3.1: Schematic image of a MBE UHV growth chamber with the main elements labelled.
Abbreviations: RHEED - Reflection High-Energy Electron Diffraction; BFM - Beam Flux Monitor; QCM -
Quartz Crystal Microbalance; LNz - liquid nitrogen, UHV - Ultra-High Vacuum.
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Additional ports with windows allow for observation of the grown sample, e.g. with a CCD
camera of an external pyrometer. Molecular fluxes of materials impinge on a properly
prepared crystal substrate of choice, which imposes crystallographic orientation of a film and
can induce strains to the grown film in the case of lattice constant mismatch between
substrate and grown epilayer. The temperature of the substrate is controlled with high
precision, typically using a resistive heater that radiatively heats the molyblock holder to
which the sample is attached. In most cases, the growth temperature is kept constant during
the process at some predefined value, well above the room temperature (RT). The huge
advantage of MBE is that growth mode and growth rate of the grown epilayer are monitored
and can be controlled in real time by RHEED technique (see Section 3.2).

Taking into account all of the above, the MBE growth method has several key advantages. The
UHV environment combined with 7-9N pure elements (see discussion of Figure 3.10)
provides conditions for the growth of materials with a very small amount of unintentional
impurities. It provides possibility of producing non-equilibrium crystalline structures, such
as a-Sn stable in RT. Individual shutters provide the possibility of abrupt start and stop of the
growth process, fine control over doping, and the possibility of producing thin layer
structures with abrupt interfaces. Low growth rates, of less than 1 ML/s, allow for very
precise control of thickness of the grown structures, at atomic level. Precise control over
growth temperature allows fine-tuning of the growth conditions in order to reduce the
interdiffusion and number of defects in the material. The growth process can be controlled in
real time by in-situ RHEED. The description of the MBE method presented in this section is
based on Ref. [96].

The MBE growth of thin films depends mainly on the kinetics of the surface processes, such
as atom adsorption, surface migration, and attachment to the surface. The state of the entire
growth system is far from the thermal equilibrium due to the UHV environment, since the
temperature of the species (which depends on the temperature of the sources), arriving at the
surface is different from the temperature of the substrate [97]. Three main growth modes,
two of which are shown in Figure 3.2, can be distinguished. They depend on interaction
strength between atoms and the surface. In the island (Volmer-Weber) growth mode (see
Figure 3.2 (a)), the adatoms (atoms adsorbed on the surface) bond stronger to each other
than to the substrate, which leads to formation of local islands minimizing interaction of the
material with the substrate. In the layer-by-layer (Frank-van der Merwe) growth mode (see
Figure 3.2 (b)), adatoms bound weaker to each other than to the substrate. First, a new layer
nucleates at various points on the surface, and then new adatoms attach to the edges of these
monolayer islands, forming a complete monolayer. In the layer plus island (Stranski-
Krastanov) mode (not shown), both single layers and islands are formed on the substrate,
typically because of the lattice mismatch between epilayer and a substrate. Strains present in
the initial few grown monolayers are alleviated by the formation of 3D islands on the surface
of the film.
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Figure 3.2: MBE growth modes of epilayers relevant for later discussion in Section 4.2.1. (a) 3D island
(Volmer-Weber) growth mode. (b) 2D layer-by-layer (Frank-van der Merwe) growth mode. (c) 2D step-
flow growth mode. For clarity of the image (001) orientation of atoms is presented in the schematics.

The surface migration (diffusion) of an adatom can be modified by the temperature of the
substrate. At lower growth temperatures, the mobility of the adatoms on the surface is
reduced. With insufficient mobility of the adatoms, they do not diffuse to other adatoms,
shifting the growth toward an island mode. A higher substrate temperature increases the
mobility of the adatoms. After adsorption to the surface, they are more likely to diffuse and
attach to other adatoms, increasing the size of monolayer islands, shifting the growth toward
a layer-by-layer mode. A step-flow-mode, shown in Figure 3.2 (c), is a variation of the layer-
by-layer growth mode. If the substrate is not perfectly flat, e.g. there are some terraces or
steps on the surface, and the growth temperature is sufficiently high, adatoms have sufficient
mobility to diffuse to these step edges and kinks without initiation of new monolayer islands
by interaction with other adatoms. Attachment of the new adatoms occurs at the steps and
results in a step-flow growth mode. If the surface mobility of the adatoms is reduced, the
growth mode will change from step-flow to layer-by-layer with multiple layers forming at the
same time [98].

3.1.1 Growth Module #2 description

All Pb14Sn,Se samples manufactured by me were grown in the Growth Module #2 (GM#2)
VEECO GENxplor MBE System intended for materials in groups IV-VI. In this section, detailed
information about GM#2 is given. In the next section, my involvement in upgrades of the
GM#2 and PM systems is presented.

GM#2 is connected with the Growth Module #1 (GM#1) VEECO GENxplor MBE System, used
for CdTe/GaAs hybrid buffer fabrication, and the Preparation Module (PM) via two UHV
buffer modules (BM#1 and BM#2), as shown in Figure 3.3.
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Figure 3.3: GM#1, GM#2 and PM manufactured by Veeco. (a) Schematic picture of the system by Veeco,

with minor image modifications and elements labelling by B. Turowski. (b) Photo of the system shown in
(a) with main elements labbeled for reference.
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PM is a smaller vacuum chamber, without cooling, capable of withstanding a prolonged
molyblock bake-out at 550 °C. It is used for the deoxidation of substrates such as GaAs and Si
by thermal means or by using a plasma cell supplied with argon (Ar) and hydrogen (H:) gases
through the Gas Delivery System (GDS), shown in Figure 3.4 (c). GM#1 is a twin Growth
Module dedicated to materials in groups II-VI. Magnetically coupled trolley (Figure 3.4 (d))
and storage lift in the BM#2 (Figure 3.4 (a)) allow for transfer of samples between the
chambers without air exposure and, consequently, mixed growth of multiple samples in both
chambers. The transfer forks of all three modules are similar. In Figure 3.4 (b), the inside of
the top part of GM#2 is shown. The ion gauge monitors vacuum in the GM#2 and RGA is used
to control composition of the residual gas of the chamber in operating state during and after
bake-out. Bake-out is performed after opening the vacuum system for the installation of new
components of the system or refilling crucibles of the effusion cells. During opening, the
system is pressurized by N». During the bake-out, the temperature of the entire chamber is
kept at 120 °C to ensure that all possible residual gas contaminants are removed by pumps.

'ransfer fork

with
molyblock

Figure 3.4: UHV components of GM #2 and BM, and bottom view of PM. (a) BM#2 intersection of the
magnetically coupled trolley line and the transfer fork line. View through the window marked yellow in
Figure 3.14 (b). (b) Inside view of the top part of GM#2. Visible cryopanel is above the molyblock holder
shown in photo (e). Photo taken through Cryopump port marked purple in Figure 3.13 (a). (c) Side view
of plasma cell installed in PM. (d) Magnetically coupled trolley with space for three substrate holders
(molyblocks). (e) Photo of the heated STM molyblock at 1000 °C taken through the GM#2 view window
(marked light blue in Figure 3.14 (b)). Photos by W. Zaleszczyk.
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During the growth process, when the substrate holder is kept at elevated temperature, the
cryo panel attracts contaminants in the residual gas in the chamber to improve the vacuum
conditions. Figure 3.4 (e) shows a photo of an STM molyblock heated up to 1000 °C.

Figure 3.5 shows the schematic picture of GM#2. The growth chamber is equipped with ten
side and one bottom standard 4.625" cell ports (numbers 1 to 11 in picture (a)) for water
enclosures of effusion cells, to which 4.5" effusion cells are introduced. A bigger port located
at the bottom of the growth chamber is housing a vacuum chamber (G1 to G4 in picture (a)),
custom made by VEECO, to which an additional Telemark E-Beam Multi-Pocket Source with
four 15 cm3 crucibles is mounted.

(a) (b)  Lift control

to
PM e
Mollyblock BM#1 i ) fork & 7
GM#1| toGM {{ }) trolley &

Valve

Loading lift B ,

2.1 »
S gg od  aEl suitcase port vertical Load Lock & BM#2
&9 24 Fe-rod
Growth Module #2

Figure 3.5: Schematic top view of Growth Module #2 and Load Lock (LL). (a) Picture of GM#2 with
information on available materials. (b) Picture of vertical Load Lock. (c) Corresponding photo of vertical
Load Lock. Samples are loaded through LL using a removable loading lift with three spots for molyblocks.
An additional four molyblocks can be stored in the storage lift in the BM#2. A magnetically coupled trolley
is used to transfer samples to and from PM and GM# 1 through BMs.

The growth chamber is equipped with the following effusion cells and crucibles, some of
which are presented in Figure 3.6.

Port 1: EPI-35-LT-DF-DT cell with a 35 cm3 crucible;

Port 2: Mantis QUAD-EV-C Mini e-beam Evaporator -(d);

Ports 3-6: VEECO GEN10-400g-SUMO cells with SUMO 400g crucibles - (a) and (c);
Port 7: GENX-500cc-Se-VC-V Selenium Valved Cracker cell with 500 cm3 crucible;
Port 8: PKG, DUAL 5cc, H20 Dual Dopant Source cell with two 5 cm? crucibles -(b);
Ports 9 & 10: VEECO GEN10-400g-SUMO cells with SUMO 400g crucibles - (a) and (c);
Port 11: VEECO GENX-35-DF-DT-SP cell with 35 cm3 crucible.

N s W e
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Figure 3.6: Cells used in the GM #2 system. (a) Front view of the Veeco GEN10-400g-SUMO effusion cell
with crucible installed. (b) VEECO 5cc Dual Dopant Source cell with crucibles installed. (c) Side view of the
VEECO GEN10-400g-SUMO effusion cell with flanges of the water enclosure (4.625") and of the cell (4.5")
marked. (d) Top/side view of the Mantis QUAD-EV-C Mini e-beam Evaporator. Common elements
indifferent to cell type are marked with blue arrows. Photos are in different scales. Photos by W. Zaleszczyk.

Figure 3.7 shows photos of the crucibles used in GM#2. Conical crucibles (photo (a)) are used
in the Dual Dopant Source cell, since large volumes of dopant materials are not needed.
Because of their higher capacity, cylindrical crucibles (photo (b)) are better suited for
materials that are used more often. Veeco SUMO crucibles (photo (c)) are an alternative for
the cylindrical crucibles that provides better long-term flux stability. Figure 3.8 shows
schematic pictures of the crucibles used.

Figure 3.7: Crucibles used in the effusion cells of GM #2 system. (a) Conical 5cm3 crucible. (b)
Cylindrical 35 cm3 crucible. (c) Veeco SUMO 400g crucible. Photos are in different scales. Crucibles are made
of Pyrolytic Boron Nitride.
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Figure 3.8: Schematic picture of the crucibles used in GM#2. (a) Conical crucible heated by a single
filament. The filament uniformly heats the entire crucible. Heat loss in the orifice area causes condensation
of the material vapours (see Figure 3.10 (d)). (b) Cylindrical crucible heated by two filaments. The tip
filament keeps the orifice area at elevated temperature, preventing condensation of the vapours of the used
material. (c) Veeco SUMO crucible heated by two filaments. The reduced orifice ensures stable material flux
from the cell. The isolator ensures stable temperature conditions near the orifice.

Conical crucibles are used in the Dual Dopant Source cell mounted to port 8 of the GM#2 (see
Figure 3.5 (a)). Two conical crucibles heated by separate filaments. This allows for a simpler
technical design of the effusion cell, but radiative heat loss near the orifice of the crucible
causes condensation of the material vapours; see Figure 3.10 (d). This kind of crucible is also
more susceptible to large shutter flux transients. When a shutter blocks the flux from the
effusion cell, it reflects some of the heat coming from the cell. When the shutter is opened, the
temperature conditions near the orifice area change, affecting the flux stability. Additionally,
the flux from such a crucible varies in the long term because of the conical shape of the cell,
as different parts of the crucible are in different distance from the filament, and as the active
area of evaporation/sublimation of the material changes with time. The active area of the
material is constant throughout the use of cylindrical crucibles (Figure 3.8 (b)), which
corresponds to a better long-term flux stability. To avoid the issue of condensation, an
additional filament is used. The bottom filament temperature defines material flux, and the
tip filament temperature, 100-200 °C higher than the base temperature, prevents the
condensation near the orifice. The cylindrical crucibles also offer greater material capacity.
To further improve long-term flux stability, Veeco SUMO crucibles in double filament effusion
cells are mainly used in the GM#2; see Figure 3.8 (c). The reduced orifice area, heated by tip
filament, ensures stable material flux in the long term, and the isolator near the orifice
stabilises temperature in this area to reduce effect of shutter flux transients.

Each port, except for 8, has a pneumatic retractable shutter (see Figure 3.9 (a)) that can block
the flux and allows independent control of the impingement time of the material onto the
substrate. The Dual Dopant Source cell (mounted to port 8) has separate shutters for each of
two crucibles (Figure 3.6 (b)) that rotate sideways. Figure 3.9 (b) shows a photo of a shutter
uninstalled for cleaning. During normal operation of the effusion cells, some of the material
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deposits on the bottom side of the shutter. It must be removed to prevent it from detaching
and falling onto the effusion cell.

Figure 3.9: Effusion cell shutter. (a) Bottom view of an extended shutter through a cell port. (b) Cleaned
shutter removed from a growth chamber (left) and cadmium (Cd) deposited on its surface (right) after
normal effusion cell usage. The shutter is made of Pyrolytic Boron Nitride. Photos by W. Zaleszczyk.

Effusion cells and shutters are made of Pyrolytic Boron Nitride (PBN). This material has high
purity, reaching 99.999% and it does not react with most molten metals, semiconductors, or
their compounds. It also has good thermal shock resistance up to 2000 °C and good oxidation
resistance below 1000 °C. Additionally, it has a smooth surface with no pores and does not

wet with most semiconductor melts.

The following elements and compounds, as shown in Figure 3.5 (a) and noted in Table 3.1,
are available:

Table 3.1: Elements and compounds available in GM #2. M and T stand for Mantis and Telemark e-beam
sources, respectively.

Elements Compounds E-beam

europium (Eu) lead selenide (PbSe) gold (Au)— M
manganese (Mn) tin selenide (SnSe) iron (Fe) - M

tellurium (Te) lead telluride (PbTe) vanadium (V)-=Mand T
selenium (Se) tin telluride (SnTe) aluminium (Al) - T

tin (Sn) bismuth selenide (Bi,Ses) titanium (Ti) - T

To ensure high purity of the grown structures, materials of extremely high purity are used in
the effusion cells. The purity of a source material is determined by “N number”. For example,
6N indicates 99.9999% purity. The materials used in GM#2 are of 4N to 7N purity.
Figure 3.10 shows photos of PnSe (photo (a)) and SnSe (photo (b)) synthesised directly
from 6N Pb, Sn and Se by J. Korczak in IF PAN and used in GM#2. Photo (c) shows front view
of VEECO GEN10-400g-SUMO cell filled with SnSe shown in photo (b). Photo (d) shows
conical crucible for Sn of Dual Dopant Source Cell after normal use, with condensation of the

Sn near the orifice.
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Figure 3.10: Materials in the crucibles. (a) Open ampule with PbSe just before refilling of the crucible.
(b) SnSe in the laminar flow cabinet just before refilling of the crucible. (¢) Veeco GEN10-400g-SUMO
effusion cell filled with SnSe from photo (b). (d) Sn crucible of the Dual Dopant Cell after several months of
operation. Condensation of the Sn near the orifice is visible. The telluride and selenide compounds used in
GM#2 were manufactured by direct synthesis of elements by ]. Korczak in IF PAN using 6N Te, Se, Pb and
Sn. Photos by W. Zaleszczyk.

The base pressure in the GM #2 system is better than 10-1° mbar and is achieved by the
combination of the liquid N cryo-panel cooling and two Edwards Cryo-Torr 10 (CT10)
Cryopumps, with the pumping speed of 3000 1/s for N». Effusion cells are cooled by 16 °C
water passing through water enclosures.

In the MBE, the growth occurs on a substrate attached to a holder that allows for transfer of
the grown sample in the UHV system. Three kinds of 3” molyblocks are used in the GM#2
setup, as presented in Figure 3.11:

1. Hollow (rim) molyblocks (i). These can be used for: growth on 3" wafers mounted by
a retainer plate (not shown in the photo) or 2” wafers with an adapter; growth on
10x10 mm wafer pieces with (ii) molybdenum adapter plate; growth on % of 2"
wafers with (iii) molybdenum adapter plate;

2. Full in-bond molyblocks (iv) to which substrates are attached by a sticking agent such
as In-Ga eutectic;

3. STM molyblocks (v) that allow insertion of STM Scienta Omnicron type plates,
photo (c).

Samples grown on STM plates were transferred to a Ferrovac VSN40S ultra-high vacuum
(UHV) suitcase (with a base pressure of 2x10-11 mbar). It allows for transfer of samples
between different setups (in this case, GM #2 in Warsaw and URANOS and PHELIX in SOLARIS
Krakéw) without exposing the surface to the air, which is crucial in case of topological
materials. The UHV suitcase has twelve STM plate slots and is capable of maintaining a
10-11 mbar vacuum for long periods.
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Figure 3.11: Sample handling in the GM #2 system. (a) Used molyblocks: (i) hollow molyblock for
growths on full 3" wafers and on 2" wafers, using the proper adapter; (ii) adapter for 10x10 mm pieces;
(iii) adapter for quarter of 2" wafer; (iv) standard 3" full molyblock used for growths on substrates attached
by sticking agent In-Ga; (v) 3" STM holder used for growths on substrates attached to STM plates. (b) Cut-
out transfer fork compatible with both standard and STM molyblocks (shown for a size reference). (c)
Scienta Omnicron Molybdenum STM plate with sample attached by welded tantalum strips. Photos (a) and
(b) are in scale. For a size reference of photo (c), see dashed black lines.

The standard preparation procedure before the growth in the GM #2 system consists of the
following steps:

Substrate attachment to molybdenum holder (molyblock);

Placing molyblocks onto removable Loading lift and moving it into Load Lock (LL);
LL pumping with optional bake-out;

Rising up Loading lift and removal of chosen molyblock by transfer fork;

v & e

Transfer of the molyblock to the Growth Chamber, at the Heater position.

Figure 3.12: BaF: (111) oriented 2x2 cm bulk crystal from Korth Kristalle GmbH. (a) Front view. (b)
Top view with cleave axis in the middle of the bulk crystal.

Step 1: In the case of BaF; and KCI substrates, 0.5 mm thick plates are cleaved from the bulk
crystal of Korth Kristalle GmbH (see Figure 3.12 for the BaF; photo) with a sharp razor blade.
Bulk crystals are always cleaved in the middle to obtain two fresh surfaces. The cleaving
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procedure of the final, 0.5 mm thin plates requires a great deal of precision and experience.
The plates are then attached to the molyblock using In-Ga eutectic for improved heat transfer
between the molyblock and substrate.

Step 2: The loading lift is removed from the LL and molyblocks are placed into it. Meanwhile,
the LL is kept under a constant flow of room temperature N;. After moving the lift to LL N;
flow is shut off and the scroll pump starts pumping LL volume. When the pressure of
10-2 mbar is reached, the turbo pump is activated.

Step 3: LL is pumped to up to 10-° mbar. It may also be baked to 250 °C if needed.

Step 4: after reaching a sufficiently high vacuum, the valve between LL and BM is opened, and
the loading lift is lifted. Molyblocks can be removed using a transfer fork. They can be placed
on a top lift or in a magnetically coupled trolley or be transferred to the growth chamber.

Step 5: The molyblock is moved to the heater position in the growth chamber; the heater is
lowered to ensure proper heating of the molyblock and the sample.

GM#2 is equipped with the BFM and the QCM for the precise measurement of the fluxes
coming from effusion cells. Both devices are retractable, and during measurement, either of
them is placed in front of the substrate position, while the main shutter shields the sample.
BFM allows to precisely measure the materials flux ratio used to calculate composition of the
grown samples. QCM gives precise information about the deposition rate (in A/s) and the flux
ratio.

3.1.2 Growth Module #2 development

During the PhD studies, | was involved in launching and upgrading the Growth Module #2
MBE system. In 2017, GM#2 was a chamber with only vacuum gauges, pumps, BFM and
RHEED gun and screen installed (with custom camera system), as shown in Figure 3.13 (a)
and (c). During the preparation for the launch of the GM#2 and during the operation of the
system, I participated in the following:

e Installation of effusion cells and cell shutters;
¢ Installation of the Quartz monitor (QCM);

e Installation of CT10 Cryopump (horizontal) and exchange of CT8 Cryopump to CT10
Cryopump (vertical);

e Installation of the base flange, modified to accommodate a smaller vacuum chamber
for the Telemark E-Beam Multi-Pocket Source;

e Installation of the vacuum chamber for the Telemark E-Beam Multi-Pocket Source
and the respective Telemark Source;
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e Exchange of the RHEED screen and installation of the kSA 400 RHEED camera
system;

e Installation and adjustments of the BandiT temperature monitoring tool for both
GM#1 and GM#2;

¢ Installation, testing, and operation of Ferrovac VSN40S UHV suitcase;

e Exchange of the GM#2 transfer fork for the cut-out one (see Figure 3.11 (b));

Installation of the Hydrogen/Nitrogen plasma cell to the PM (Figure 3.14 (c)) and
subsequent testing and setting of the working conditions.

[ was also involved in everyday maintenance of the GM#2 system, as well as I participated in
all openings and bake-outs of the system done in order to install new equipment or to refill
the depleted sources. Figure 3.13 shows photos of the GM#2 in 2017, before I started PhD
studies (photos (a) and (c)), and in July 2023 (photos (b) and (d)).

7,
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Figure 3.13: Changes of GM#2 over 2017-2023 with main elements labelled. (a) bottom view of GM#2
in January 2018. Only vacuum gauges, BFM, RHEED gun, and CT8 pump (last two not visible in the photo)
were installed. The purple ellipse marks the port for the CT10 pump installed later. Image Figure 3.4 (b)
shows the inside of GM#2 visible through this port. (b) Bottom view of GM#2 in July 2023. Multiple new
elements were installed over 5 years. (c) Side view of GM#2 in November 2017. (d) Side view of GM#2 in
July 2023. Abbreviations are explained in text. Photos by W. Zaleszczyk and B. Turowski.
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Figure 3.14: Vacuum systems upgrades. (a) Side view of GM#2 in October 2019 during the installation
of the effusion cells. Red dashed rectangles mark electrical components that were not yet installed at that
time. (b) Side view of GM#2 in July 2023. For the clarity of the image, the elements visible in Figure 3.13
are not labelled. The purple arrow points to the CT10 pump installed in the port marked in Figure 3.13 (a)
with a purple ellipse. The yellow dashed circle is a view window of BM#2, the light blue dashed circle is a
view window of GM#2 growth chamber. (c) Electronic rack of GM#2 in in July 2023. Red dashed rectangles
correspond to the same rectangles in image (a). (d) Side view of the PM. Plasma cell was installed in 2020.
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Figure 3.14 shows different angle photos of the GM#2 system comparing its current state
(photos (b) and (c)) with its state just before it became operational in October 2019 (photo
(a)). Red dashed rectangles show, which electronic components were installed in this period:
water-cooling monitoring system for Mantis mini E-gun, control unit for kSA BandiT
temperature monitoring system, control units for QCM, control unit for plasma source, control
unit for Telemark E-Beam Multi-Pocket Source, power supply controllers for all effusion cells.
[ was involved in all upgrades to the electrical rack. Figure 3.14 (c) shows a side view of PM
with the plasma source installed below.

In parallel to my research, [ wrote multiple scripts and programmes that are being used in the
MBE laboratory where I worked. They range from useful to important in everyday work.
Details about these are given in Appendix C.

3.1.3 MBE growth of Pb1.xSn,Se epilayers

Epitaxial growth of Pb1-4SnxSe films for ARPES studies was conducted in three MBE systems:
Riber 1000, PREVAC 190 and Veeco GENxplor GM#2. In the first one, the samples were grown
by V. V. Volobuev on (001) KCland (111) BaF; substrates. In the second one, the samples were
grown by V. V. Volobuev and me on (001) KCl and (111) BaF; substrates. In the third one, the
samples were grown by me, under the supervision of V. V. Volobuev, on (111) BaF;substrates.
The samples were grown in two technological processes, presented in Figure 3.15. In
Riber 1000 and PREVAC 190, the samples were grown in steps 1) to 5). In Veeco GENxplor
GM#2 the samples were grown in steps 1), 2), 5), since the Ferrovac VSN40S UHV suitcase
(see Section 3.1.5) allowed for the transport of the samples to the synchrotron facility under
UHV conditions. The following technological steps were performed to produce the samples
studied:

1) Substrate preparation

2) Pb1xSnsSe growth

3) Amorphous Se cap deposition

4) Amorphous Se decapping

5) Submonolayer transition metal deposition

3) 4)

Figure 3.15: Pb1.xSnxSe Sample manufacturing process, with five steps presented.
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Step 1: Half millimetre thick square pieces of (111) BaF; or (001) KCI (shown as semi-
transparent white rectangular right prism) were freshly cleaved from the bulk crystal of
Korth Kristalle GmbH to be used as a substrate. They were placed on a molyblock
(molybdenum sample holder) or an STM plate with an In-Ga eutectic layer to both improve
thermal contact with the molyblock and stick substrate to the holder.

Step 2: 1 pum Pbi4SniSe films (marked by a dark blue colour) were grown under the
conditions given in Table 3.2.

Step 3 and 4: Samples grown in the Riber 1000 and PREVAC 190 systems were capped with
amorphous Se (marked by green colour) deposited at room temperature to seal the epitaxial
film from the air to prevent surface contamination during transport to the synchrotron
facility. The selenium cap was then removed in the UHV chamber in the synchrotron facility
by heating the sample to 250-330 °C and keeping it at this temperature for 20-60 minutes.

Step 5: Either Mn or Fe (marked by orange colour) transition metals (TM) were deposited on
Pbi-xSn;Se thin films in 0.075 or 0.15 A steps.

The comparison of basic technical parameters of growth in the systems discussed is given in
Table 3.2.

Table 3.2: Comparison of basic technical parameters relevant to the growth of 1 um thick Pb1xSnxSe
epilayers in discussed the MBE systems.

MBE Material flux ) ) MBE growth UHV
Sources Growth rate Bi doping
system measurement temperature [mbar]
Riber o . )
Stoichiometric BizSes
1000 ~1 um/hour QCM ; 380 °C <5x10-10
PbSe, SnSe effusion cell
[991]
PREVAC  Elemental ~0.1-0.3nm/s
(~0.4-1 Flux monitor - 325-365°C <109
190 Pb, Sn, Se m /hour)
[100] s
0.07 - 0.1%
Veeco Stoichiometric E«O(.)27nm/s Flux monitor, 1(3 s 6) 350-380 °C <1010
GENxplor  ppse, SnS ~9. M 126
& oMo um/hour) Q effusion cell

[15]

The material flux ratio was controlled by calibrated BFM or QCM placed in front of the
substrate position. The Sn content was in +1% agreement with the Energy Dispersive
Spectroscopy (EDS) and XRD measurements for samples grown in the Veeco GENxplor GM#2
system. In Pbi_4SnsSe the native background hole concentration increases strongly with
increasing Sn content, resulting in p-type samples. To compensate for this effect and obtain
both p-type and n-type thin films, Bi doping was introduced from the Bi,Se3 effusion cell in
the Riber 1000 and Veeco GENxplor GM#2 systems. The growth temperature varies in
different systems due to their specific architecture, but is in a comparable range. In the
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Riber 1000 system, the growth temperature was determined by the IRCON IR pyrometer. In
the PREVAC 190 system, the growth temperature was determined as a function of the heater
temperature, using the heater characteristic (see Figure 3.16) created with the use of melting
points of indium (In), tin (Sn), lead (Pb) and deoxidation temperature of GaAs. In the GM#2
system, an Ircon 6000 series Modline Plus infrared pyrometer calibrated with the
temperature of a molybdenum plate was used.
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Figure 3.16: PREVAC 190 MBE heater temperature calibration. In, Sn and Pb data points mark melting
points of indium, tin, and lead, respectively. GaAs deOx point marks of the GaAs surface oxides desorption
temperature observed by RHEED.

Pb14SnySe was grown using full 3" in-bond molyblocks and 3” STM holders with Scienta
Omnicron Molybdenum STM plates (Figure 3.11 (a) (iv) and (v), respectively). Full
molyblocks were used for samples that were examined by XRD, SEM, and AFM, while STM
holders were used for samples that were examined by ARPES and SR-ARPES. The Se cap was
also used for samples grown in GM#2 to protect the epilayer surface for XRD measurements.

3.1.4 MBE growth of a-Sn epilayers

The epitaxial growth process of a-Sn thin films was conducted in several steps in the PM,
GM#1 and GM#2 systems, on epi ready semi-insulating (001) GaAs substrates from AXT, Inc.
with thick CdTe buffers. The growth was performed in ultra-high vacuum, better than 5x10-
10 mbar. Effusion cells with elemental 7N Cd, Zn and Te in GM#1 and Sn in GM#2 were used
as sources. In the GM#1 system calibrated BFM, and in the GM#2 system the calibrated QCM,
were used to control the material flux ratio and growth rate. The CdTe (001) buffer was
prepared in PM and GM#1 by R. Rudniewski in steps 1) to 3), and a-Sn was grown by
V. V. Volobuiev, with my participation, in GM#2 as described below:

1) Thermal deoxidation of GaAs (001) in PM;
2) Epitaxial growth of a thin (several nanometre) layer of zinc telluride (ZnTe) in GM#1;
3) Epitaxial growth of CdTe buffer in GM#1;
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4) Epitaxial growth of a-Sn thin film in GM#2.

Step 1: The rectangular piece of semi-insulating GaAs (001) was cut from 2" wafer and
attached to the STM plate (Figure 3.11 (c)). [t was introduced to PM where it was thermally
deoxidized at 590 °C, a few degrees above GaAs oxide desorption temperature of 582 °C
[101].

Step 2: Due to the fact, that CdTe can grow on (001) GaAs in both [111] and [001] crystal
direction and a significant lattice mismatch between GaAs (ao=5.654 A) and CdTe
(a0 = 6.482 A), several nanometre layer of ZnTe (ap = 6.106 A) was grown on the GaAs
substrate at CdTe growth temperature. This thin layer determines (001) growth and
suppresses growth of the (111) phase [102]. It also reduces the compressive stress of the
CdTe films caused by the lattice mismatch between GaAs and CdTe [103].

Step 3: The growth of 5 pm thick CdTe buffer with the growth rate of 0.185 nm/s was carried
out at the substrate temperature of 295-325 °C, measured by the kSA BandiT temperature
monitoring system. A sufficient thickness of the CdTe film results in a fully relaxed layer
[104]. After CdTe buffer growth, the hybrid substrate was transferred to GM#2 system,
through the UHV buffer chambers (BM#1 and BM#2, Figure 3.3).

Step 4: The growth of a thin (30 - 200 nm) layer of a-Sn, with the deposition rate of
0.004 nm/s at the substrate temperature of 10 °C, measured by kSA BandiT temperature
monitoring system. The temperature characteristics of GaAs and CdTe were provided by kSA
company.

The schematic of the grown sample is shown in Figure 3.17. The lattice mismatch between
o-Sn (a0 = 6.490 A) and CdTe (ao = 6.482 A) causes a compressive in-plane stain of -0.1% that
shifts the system toward the Dirac semimetal phase. Details of this are discussed in
Section 4.4.2.

Sn 30 nm - 200 nm

Figure 3.17: Schematic structure of a-Sn thin layer grown on CdTe buffer.

3.1.5 Ultra high vacuum suitcase

The Ferrovac VSN40S UHV suitcase [105] was used to transfer the samples from the MBE
system to the synchrotron facility while preserving pristine surfaces of the samples [83]. The
main elements of the suitcase are presented in Figure 3.18. The suitcase is equipped with a
vertical storage unit capable of holding 12 standard Scienta Omnicron-type STM plates
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(Figure 3.11(c)) with samples. The samples are moved in and out of the suitcase with a
magnetically driven wobble stick manipulator. The manipulator can rotate by 360 degrees
along its main axis. It ends with pincers that safely hold the plate by the ring while allowing
for small movement of the plate. When combined with vertical and horizontal wobble of the
transfer rod (wobble stick), it allows for precise control over the STM plate in different
systems.

Storage stack

sgies Rear manipulator
= i

Figure 3.18: UHV suitcase elements. (a) Main elements of the UHV suitcase. (b) Rear Viewport view at
storage stack. Photos by M. Zieba.

Figure 3.19: Ferrovac VSN40S UHV suitcase attached to (a) GM#2 MBE Buffer Module, (b) URANOS
(former UARPES) beamline Preparation Chamber, (c) PHELIX beamline Preparation Chamber.
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The UHV suitcase is capable of maintaining 10-1! mbar vacuum for long time thanks to the
build-in combined NEG/Ion pump technology (NEG-Non Evaporable Getter). A pre-pumped
all-metal valve is used to seal the suitcase during the transfer between UHV systems. The
suitcase attached to the discussed UHV systems is shown in Figure 3.19.

3.2 Reflection High-Energy Electron Diffraction

Reflection High-Energy Electron Diffraction (RHEED) is an analysis technique used in MBE
systems for in-situ real-time quality assessment of a structure during the growth process.
Shape, intensity and arrangement of features (spots and streaks) present in the RHEED
pattern give information about atomic arrangement, flatness of the surface, presence of
domains, growth mode, and rate. Figure 3.20 shows the schematic of a RHEED setup (upside
down), with the main elements labelled. A beam of high-energy (in GM#2 accelerating voltage
of 15 kV is used) electrons (e’), coming from an electron gun, is directed by and adjustable
magnetic focusing lens and deflection coils, at a small variable glancing angle 6 (1° - 3°), at the
surface of the sample where it is diffracted on atoms composing the surface. Diffracted
electrons form an interference pattern on a perpendicularly placed luminescent detector
(fluorescent screen) [106]. The sample can be rotated azimuthally (¢) to obtain electron
diffraction from different intersections of the crystal lattice of the material and, in turn, to find
certain patterns corresponding to the crystallographic orientation of the surface and the
azimuthal angle ¢.

Molecular  Fluorescent
beams
screen

Electron beam Psample Shadow

source :

Figure 3.20: Schematic of a RHEED setup (shown upside down).

When diffraction is described, electrons are considered a wave, according to the wave-particle
duality. The de Broglie wavelength of electrons accelerated by voltage V (in volts) is given by
the following approximation [96]:

12.247

Ag =
JV-(1+V-10-9)

[A] (3.3)

Assuming accelerating voltage V = 15 keV, the wavelength of the electrons is approximately
0.1 A, which is smaller than the lattice constants of crystals grown by MBE (for example, for
PbSe a=6.12 A, and the interplanar distance is 3.6 A). This is especially important for the
explanation of the origin of the RHEED features. Figure 3.21 shows the relationship, by the
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Ewald construction formalism, between the RHEED pattern and the reciprocal space of the
material studied.
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Figure 3.21: Origin of RHEED features. (a) Side and (c) top view of the sample surface (shaded dark blue)
and its reciprocal space and Ewald construction. (b) Intersections of Ewald sphere with 0th reciprocal lattice
rods showing formation of Oth Laue circle. (d) 3D view of the Ewald construction concept presented in (a),
(b), and (c) with wave vectors extended to the screen plane. Lo and L1 denote the 0th and 1st Laue circles, kxy
denote wave vectors that go through intersections between the Ewald sphere and XY reciprocal rods.

The main assumption of this formalism is a restriction to elastic scattering of the electrons.
Under this condition, the magnitudes of all wave vectors of diffracted waves kxy are the same
as the wave vector of the incident electron beam Kko:

kol = [kxyl (3-4)

The Ewald sphere is formed by end-points of the |kxy| drawn from the diffraction origin (see
Figure 3.21 (a) and (c)). The constructive interference of the diffracted waves occurs for the
waves, which wave vectors intersect with the reciprocal lattice of the material (i.e. points at
which Ewald sphere intersects with the reciprocal lattice). Due to the small grazing angle 6,
the beam interacts mainly with topmost layer of atoms. In the simplified approach, the surface
of the sample can be assumed to be two-dimensional. Because of that, its reciprocal space is
represented by regularly spaced, infinitely thin parallel rods that stand perpendicular to the
sample surface (see Figure 3.21 (a) and (d)). The intersection points of the Ewald sphere
with the reciprocal lattice lay on concentric circles, called Laue circles (see Figure 3.21 (b)),
and appear as diffraction spots on the screen. Because of sample shadowing of the beam, only
half-circles are visible. Consequently, the RHEED pattern from a 2D surface is always arranged
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on the semicircles. The number of diffraction spots and their spacing depend on the radius of
the Ewald sphere and the spacing of the reciprocal lattice rods. For V = 15 keV the radius of
the sphere is approximately 63.5 At (2m/As) and for PbSe the distance between the rods is
1.03 A1 (21/apbse), which provides a good resolution of observation.

The above description assumes ideal conditions and a perfectly flat surface. During real
growth, the Ewald sphere has some finite thickness due to convergence of the beam and the
electron energy spread. Similarly, the thickness of the reciprocal lattice rods is finite because
of lattice imperfections and thermal vibrations. This results in elongation of the diffraction
spots in a direction perpendicular to the shadow edge on the screen and formation of a
streaked pattern.

Direct space Reciprocal space Schematic Real RHEED
(a) RHEED pattern pattern
amorphous
surface

00.0.0.:0.0 (Y 14

(b)

3D islands

modulated
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surface with
multilevel steps .

Kikuchi lines

(d) streaks

flat surface with
small domains

(e)

single-crystalline
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Figure 3.22: Schematics of realistic surfaces relevant for this thesis with corresponding reciprocal
space, and schematic and real RHEED patterns. (a) Amorphous surface lacking long-range ordering of the
atoms. Real RHED image of amorphous Se deposited on (111) Pb1xSnsSe. (b) 3D islands. Real RHEED image
of Pb1xSnxSe deposited on BaF: recorded along [112] azimuth. (c) Multilevel stepped surface. (d) Flat
surface with out-of-phase domains smaller than the coherence length of the electron beam. Different colour
atoms (blue @ and cyan @) denote the domains. Real RHEED image of Pb1..Sn,Se grown on BaF: recorded
along [112] azimuth. (e) Flat, single-crystalline surface. Image based on Ref. [107].
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Figure 3.22 shows some of the possible RHEED patterns with the corresponding schematic
images of the surface and its reciprocal space. Image (a) shows the RHEED pattern of
amorphous Se deposited at RT on Pb14Sn,Se. As expected, no spots or streaks are present, as
no diffraction can occur from the amorphous surface. Image (b) shows a surface with 3D
islands and its reciprocal space, which is the same as in case of 3D crystal, i.e. 3D array of
reciprocal points. The resulting RHEED pattern is in the form of transmission spots because
the electron beam transmits through protruded parts of the islands and it is no longer a
reflection diffraction pattern. Image (c) shows that the presence of multilevel steps on the
surface causes the modulation of the reciprocal rod thickness that depends on the step height
[108] and results in modulated streaks in the RHEED pattern. Image (d) shows most common
RHEED pattern obtained for high quality 2D layers. The presence of small out-of-phase
domains [107] or any disorder on the surface [109], such as the presence of terraces [108],
results in increased thickness of the reciprocal rods and broadening of the diffraction spots,
which is stronger in the direction of the beam [109], that is, perpendicular to the shadow edge
on the fluorescent screen. Image (e) shows reciprocal space and schematic RHEED pattern
from a single-crystalline flat surface. The diffraction spots in the expected RHEED pattern are
slightly broadened because of the finite thickness of the Ewald sphere, as mentioned above.

Observation of the RHEED pattern during growth allows for a qualitative evaluation of the
epilayers. If the observed pattern differs from the expected one, the process can be stopped
and started anew.

3.2.1 RHEED pattern simulation

Using the Ewald sphere construction explained in the previous section, RHEED patterns can
be calculated. However, simulation of realistic looking RHEED patterns requires an approach
that simulates non-infinite thickness of the reciprocal space rods (see Figure 3.22). In order
to do that, RHEED patterns were simulated with custom written Python script using the
general structure and transformation proposed in Ref. [110]:

Koxq

Va2 +x3 +y3 (3-5)

X =

d
y =k ( \/m + cosB) (3.6)
where x and y are coordinates of the reciprocal space of the sample surface, ko is the wave
vector of the electrons (see Equation (3.4)), d is the distance between the sample and the
fluorescent screen, xq and yq are the coordinates of the RHEED image on the fluorescent
screen, and 0 is the angle of incidence of the electron beam. The above system of equations is
the geometric projection of the 2D x, y image of the reciprocal space rods through a 3D Ewald
sphere of radius ko (with origin of the sphere shifted by ko-cos0) to a 2D x, z image (named xq,
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yqin Equations (3.5) and (3.6)) on the RHEED screen. For a material with defined orientation
and composition, the reciprocal space can be determined, and thus x and y are known. The
angle of incidence, distance d and wave vector ko are system-dependent. This allows for
calculation of x4 and yq and simulation of the RHEED pattern of a given material. Details about
the script are given in Appendix C.

Figure 3.23 shows real ((a) and (b)) and simulated ((c) and (d)) RHEED patterns of (111)
oriented Pbo¢9Sno31Se, with parameters of the script used for the simulation corresponding
to the technical parameters of the GM#2 chamber.

Real RHEED pattern Simulated RHEED pattern Overlapped patterns

(b)

Figure 3.23: RHEED pattern simulation for (111) oriented Pbo.csSno.31Se. (a) and (b) RHEED patterns of
sample G11 (Pbo.s9Sno31Se, see Appendix B) recorded along [112] and [110] azimuths, respectively. (c) and
(d) simulated RHEED patterns of (111) oriented Pbo.soSno31Se along [112] and [110] azimuths, respectively.
(e) Overlapped image of (a) and (c). (f) Overlapped image of (b) and (d). Grey bar at the bottom of the (c)-
(f) images corresponds to the shadow edge (black, bottom) visible in images (a) and (b).

The RHEED patterns obtained show very good agreement with the experimental results (see
the overlapped patterns in images (e) and (f)). The patterns can be simulated for any azimuth
angle and any material and orientation, with the assumption that the electron beam interacts
only with the topmost layer of atoms. Such simulations enable more detailed analysis of
RHEED during and after the growth process.

3.2.2 RHEED intensity oscillations

The growth rate of an epilayer formed during the layer-by-layer MBE growth mode can be
determined from intensity oscillations of the diffraction spots in the RHEED pattern or
intensity oscillations of the specular spot. The specular spot is a reflection of the specular
beam, which reflects from the surface at the same exit angle as the angle of incidence of the
incident electron beam. One period of oscillation corresponds to the growth of a full
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monolayer. Usually, the specular beam spot is observed. Observation of the oscillations allows
for a precise determination of the growth rate [111]. It also enables the determination of the
growth mode by the presence or lack of evident intensity oscillations.

Figure 3.24 (a) and (b) shows model of specular spot intensity oscillations (for clarity of the
image, a (001) oriented sample schematic is presented) as a function of surface coverage:
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Figure 3.24: RHEED intensity oscillations model. (a) Behaviour of diffracted electron beam on different
coverage of the surface 1-5. (b) Corresponding (1-5) intensity oscillation of specular spot. (c) Specular spot
reflection (orange ellipse) visible during growth of 1 pm Pbo.7sSno2sSe film on (111) BaF:z substrate,
recorded along [110] azimuth. For clarity of the image (001) orientation of atoms is presented in the
schematics.

1. Initially, the electron beam diffracts on a flat surface resulting in maximum intensity of
the specular spot.

2. With increasing coverage, the surface becomes rougher, causing increased beam
scattering.

3. When half of the surface is covered by a new layer, the intensity of the spot reaches a
minimum.
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4. With increasing coverage, the surface smoothness recovers, and the intensity of the spot
recovers.
5. When full new layer is grown, the maximum intensity is obtained.

Figure 3.24 (c) shows the location of the specular spot in the RHEED pattern of the 1 pm thick
Pbo.75Sno25Se film on (111) BaF2 substrate, recorded along [110] azimuth. For smooth layer-
by-layer growth of studied Pb1-xSnxSe intensity variations were impossible to observe by
naked eye, thus no RHEED images for model discussed above are presented. The oscillations
were recorded and analysed by the kSA 400 analytical RHEED system.

3.3 X-ray diffraction

X-ray diffraction (XRD) is a technique used for the structural characterisation of materials. It
is used to investigate monocrystalline and polycrystalline materials in the form of powders,
bulk crystals, and thin films. In the case of thin films studied in this thesis, the XRD was used
to determine the crystal structure, lattice constant, sample composition, presence of strains
in the epilayer, its thickness, and to confirm growth of single-phase single-crystalline films.

As the name implies, it is based on diffraction of X-rays on a periodic lattice of atoms
composing the studied material. X-ray waves (0.1 - 100 A) are used because the constructive
interference of the waves can occur only when the incident wave has the wavelength in the
same range as the interplanar distance between the atoms (several A). The exact condition of
constructive interference is expressed by Bragg’s law:

n-A=2d-sin6 (3.7)

where n is the order of reflection equal to the integer number of wavelengths in the path
difference of diffracted X-rays between adjacent crystal planes, A is the wavelength of the
incident beam, d is the interplanar distance, and 0 is the angle between the incident beam and
the diffracting planes, as presented in Figure 3.25.
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Figure 3.25: Bragg’s law. The incident beam reflects from the atomic planes with interplanar distance d.
The beams diffracted from the subsequent atomic planes interfere constructively when their beam path
difference 2d-sinf (marked in ) is equal to the multiplicity n of the beam wavelength A.
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The incident beam penetrates the material and reflects from more than one atomic plane.
Considering constant A from X-ray source and the constant d of the studied material, the
constructive interference occurs at specific angles of incidence 8 between all beams reflected
from subsequent planes, which beam path difference is equal to integer multiplicity of the
wavelength n-A.

For cubic crystals such as Pb1.xSniSe and a-Sn, relationship between lattice spacing d and
lattice constant a has the following form:

1 h? + k? + 12
df - a?

(3.8)

where h, k, and | are Miller indices indicating crystallographic planes and dnu is d of a given
plane, used in Equation (3.7). By varying the incident beam angle 0 in a measurement, the
diffraction maxima, called hkl reflections, are obtained that correspond to possible du values.
Knowledge of hkl reflections present as well as correspondent dna makes it possible to
identify the different phases in the material under study to determine whether the sample is
single crystalline and to determine the orientation of the thin film. It is important to note that
some of the reflections are not observed due to destructive interference between beams
diffracted at certain Bragg angles. Diffraction selection rules, presented in Table 3.3, show,
from which planes diffraction can or cannot be observed in the case of rock salt and diamond
cubic structures.

Table 3.3: Diffraction selection rules for Pb1xSnxSe and a-Sn

Unit cell Forbidden reflections Allowed reflections
) h, k,1all odd
Rock salt (Pb1-xSnxSe) h, k, ] mixed (odd and even)
h, k,1all even
h, k, 1 mixed (odd and even) h, k,1all odd

Di d cubic (a-S
famond cubic (a-Sn) h,k lallevenandh+k+1#4-n h,k lallevenandh +k+1=4n

Combining Equations (3.7) and (3.8) allows for the calculation of 6 for specific
crystallographic orientations corresponding to duw, when the lattice constant a is known, or,
conversely, the calculation of the lattice constant using measured diffraction angles [112].

The intensity of hkl reflections depends on the arrangement of the atoms in a unit cell and is

proportional to |F}21k1|, where Fuu is the structure factor defined as [112]:

N
Fhkl — Z fjeZRi(huj+kvj+le) (39)

j=1

where N is the total number of atoms in a unit cell, f is the atomic scattering factor of a given
atom, and u, v, and w are the coordinates of a given atom normalised by the lattice parameters
of the unit cell along the %, y, and z axes, respectively. The atomic scattering factor depends on
the atomic number Z.
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XRD measurements presented in this thesis were carried out by V. V. Volobuev using
PANalytical X'Pert Pro MRD diffractometer with a 1.6 kW X-ray tube using CuKa; radiation
(A= 1.5406 A), a symmetric 2 x Ge (220) monochromator and 2D Pixel detector. I participated
in some of the measurements. The measurements were carried out in 26-w schema, where
the movements of the sample and the detector are coupled and move by w and 20 angles,
respectively, where w is the angle of incidence of the X-ray beam and angle 26 is related to w

by w = % - 20. Furthermore, Reciprocal space maps (RSM) were measured around symmetric

and asymmetric reciprocal lattice points, which can be used to calculate in-plane and out-of-
plane lattice constants, aj and aj, respectively.

ZT[ 2 2 2
a” = Q_ hl + k1 + 11 (310)
Il
2T
a, = — [hZ+13+13 (3.11)
L

where Qj and Q. are X and Y dimensions of RSM, respectively. The h, k, | indices for a given
direction of the lattice constant are obtained by the decomposition of the Qnk vector, as shown
in Figure 3.26.

i hkl
1

000

Figure 3.26: Determination of in-plane and out-of-plane lattice constants with reciprocal space
maps. Point hkl marks reciprocal lattice point around which RMS is measured. Vector Quk is decomposed
to two vectors, Quand Qe andh=h1+hz, k=ki + kz, 1=11 + .

The lattice constant obtained in XRD measurements can be used to determine the
composition of an alloy, such as Pb14Sn,Se, according to the Vegard’s law [113]. The in-plane
and out-of-plane lattice constants can be used to determine strains of the film. Strain
calculation is explained in Section 4.4.2, since it was relevant in the case of a-Sn epilayers.

3.4 Scanning electron microscope

Scanning electron microscope (SEM) allows for high resolution scanning of the surfaces by a
focused beam of electrons. Carl Zeiss Auriga Cross-Beam microscope was used to measure
thickness of grown films in order to determine the growth rate of the films and calibrate the
BFM and QCM. The electron accelerating voltage in the SEM used is in the range of 0.1 to 30 kV,



3.4 Scanning electron microscope 49

which corresponds to the de Broglie wavelength (Equation (3.3)) in the range of 122.46 to
6.98 pm (10-12 m). The typical imaging resolution in this system at 15 kV is 1 nm.

Figure 3.27 (a) shows a schematic of the internal structure of the SEM column. Electrons,
coming from an electron source, such as a Schottky Field Emitter, are formed into a beam by
anode aperture and focused by a set of magnetic lenses. The objective lens and scanning coils
allow for x and y scanning of the surface of the sample. Electrons ejected from the sample are
collected by the respective detectors. The In-Lens detector, primarily used for imaging of the
grown films, collects secondary electrons. During operation, the SEM column and the
specimen chamber are kept in vacuum. Samples are introduced to the system through a load
lock, shown in photo (b), presenting SEM in [F PAN. The SEM image (c) shows a cross-section
of a PbSe epilayer grown in the PREVAC 190 system for growth rate calibration. Typically, an
electron high tension (EHT) voltage of 5 kV was used.
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Figure 3.27: Scanning electron microscope. (a) Schematic of the internal structure of the SEM column.
Elements are not in scale. (b) Photo of the Carl Zeiss Auriga Cross-Beam microscope in [F PAN. (c) Cross-
sectional SEM image of the PbSe epilayer grown for the calibration of the growth rate in the PREVAC 190
system, with the basic parameters of the SEM, at the time of the measurement, given.

The microscope is equipped with a Bruker XFlash 5030 Energy Dispersive Spectroscopy
(EDS) Detector, which was used to determine the composition of the grown films. EDS
measurements were made with an accelerating voltage of 20 kV. EDS is based on phenomena
in which an incident electron beam excites an electron in an inner shell of an atom. The
electron vacancy created by this excitation is then filled by an electron coming from a higher-
energy shell in the atom. The energy difference of this process is emitted in the form of X-ray
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radiation and recorded by an energy-dispersive detector with its number of occurrences
(counts). Because the energy of this transition is unique to the specific element and transition,
it allows for the determination of the composition of the studied material [114].

EDS measurements presented in this thesis were carried out by dr T. Wojciechowski. I made
the SEM measurements of the PbSe and SnSe epilayers used for the calibration of BFM and
QCM in PREVAC 190 and Veeco GENxplor GM#2, respectively.

3.5 Atomic force microscopy

Atomic force microscopy (AFM) is a technique of imaging surface topography by tracing
(scanning) the sample with a cantilever probing tip [115]. Atomic scale resolution can be
reached for fine tips. In the simplest case (contact mode), the cantilever is deflected under the
interaction force between the probing tip and the surface. The response of the cantilever as a
function of x, y tip position is a value measured as surface topography. The deflection of the
cantilever is stabilised to be constant and the vertical (z) response of the piezo scanner is the
topography height - Figure 3.28 (a). To avoid drag between probe and sample (which can
cause surface damage), an oscillating probe can be used. . In so-called dynamical modes
(tapping, intermittent contact, non-contact) the cantilever amplitude changes and/or
resonant frequency shifts, depending on the distance between probe and the surface.

AFM images were obtained in Tapping Mode with Bruker MultiMode 8-HR microscope by
dr M. Aleszkiewicz. In this mode, the cantilever oscillates with predefined a frequency,
causing the tip to have intermittent contact with the surface during measurement. The
amplitude of the oscillations is maintained to be constant and the corresponding vertical (z)
response of the piezo scanner is the topography height. An exemplary AFM image for the
material studied in this thesis, Pb1xSn,Se, is presented in Figure 3.28 (b).

)

Sample surface 0.0

-1.0

1 pm
e

Xyz - Piezo Scanner

-2.0

Figure 3.28: Basic principle of AFM. (a) A cantilevered probing tip (exchangeable when worn) scans the
sample on the X and Y axes. The deflections of the cantilever and the response of the piezo scanner on the Z
axis caused by the force between the tip and the surface of the sample are monitored as a function of x and
y position. (b) 2 um x 2 pum AFM image of Pbo.7sSno.2sSe thin film grown on BaF2 (111). AFM measurements
were done by dr M. Aleszkiewicz. Data presentation by B. Turowski.
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Measurement data was processed using open source Gwyddion software [116, 117]. The
main parameter of comparison between AFM images of different samples presented in this
thesis is the RMS roughness parameter, extracted using the Gwyddion software with
Equation (3.12) [117]. The RMS is a root mean square average of the height deviations in
the line profile from mean height (Z) of the profile and can be used to determine the quality
of the surface of the sample and its flatness.

(3.12)

3.6 Angle-resolved photoelectron spectroscopy

Angle-resolved photoelectron spectroscopy (ARPES) is a widely used method to obtain the
band structure including surface states of a material [10, 83, 118] and is therefore extremely
useful in studying topological materials. The ARPES measurements presented in Chapter 5
were performed at the National Synchrotron Radiation Centre SOLARIS, Krakéw (Poland), at
URANOS beamline (formerly UARPES), with incident photon energy hv greater than 17 eV
and temperature ranging from 8 K to room temperature (RT) or at PHELIX beamline, with

incident photon energy hv 50-90 eV at temperature range 80-300 K.

The basics of the operation of ARPES is the photoelectric effect [119], presented in the bottom
right inset in Figure 3.29. High-energy photons, in the case of samples studied in this thesis
generated by a synchrotron, excite electrons close to the material surface. If the energy of the
photon hv is greater than the work function @ of the studied material, the electrons with
binding energy Eg are excited and can escape from the solid as photoelectrons, with kinetic

energy Exin:
Exin = hv— ® — Eg (3.13)
The photoemission process can be described using the one-electron approximation by Three-

Step Model, developed by Berglund and Spicer [120], shown schematically in Figure 3.30 (a)
and explained in detail in Refs. [121] and [122]:

1) Excitation of the electron in the solid by photon,
2) Photoelectron propagation to the surface,
3) Emission of the photoelectron into vacuum

Step 1: Excitation of the electron in the solid by photon.

Assuming that the momentum of the incoming photon is much smaller than the momentum
of the excited electron, the photon’s momentum may be neglected. Under this assumption,
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excitation of the electron is a direct transition (with momentum conservation) in the reduced

Brillouin zone scheme.

k

Detector

Figure 3.29: Schematics of the ARPES setup. High-energy electromagnetic radiation (hv) hits the sample
surface and excites photoelectrons (e). The spherically shaped detector redirects them and records their
kinetic energy (Ex) and emission angle (8). The sample may be tilted by angles o and 8 to obtain emission
from the chosen part of the Bouillon zone.

(a) (b)

Vacuum Vacuum

Figure 3.30: Three-step model of the photoexcitation process. (a) Schematics of the three-step model
photoemission process. (b) Conservation of the momentum vector in step 3; int and ext denote the internal
and external wave vectors of the photoelectron.
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Step 2: Photoelectron propagation to the surface

The number of photoelectrons reaching the surface is limited by the electron-electron
interaction and depends on the inelastic mean free path (IMFP) of the electrons, which
depends mainly on the electron energy. IMFP in angstroms can be described by a semi-
empirical formula derived from Ref. [123]:

Aimep = ¥+0.41- a3E (3.14)
where a is the lattice constant of the material in nanometres and E is the kinetic energy of the
electron in electron volts (eV). First part of the Equation (3.14) describes IMFP for
E <150 eV and second part for E > 150 eV. The shorter the IMPF, the lower the probability
that electrons further from the surface will reach the surface. Minimal mean free paths of
~3-10 A are for energy in the 10 eV to 100 eV range [124], which roughly corresponds to
lattice constants of Pb1.xSnxSe and «-Sn. This means that only electrons from thin region just
beneath material surface contribute to the obtained band structure, while electrons coming
from deeper parts of the crystal are scattered before they reach sample surface due to limited
IMPF.

Step 3: Emission of the photoelectron into vacuum

The potential difference between the bulk of the crystal and the vacuum causes refraction of
the escaping electron at the surface, as presented in Figure 3.30 (b).

Wave vector component in the direction parallel to the surface is conserved during the escape
(in reduced Brillouin zone scheme):

kit = ket (3.15)

Since angle of refraction (emission) 6 and kinetic energy of the photoelectron Exin are
recorded during the ARPES measurement and photoelectrons emitted into the vacuum are
treated as free electrons, the parallel component k" of the electron wave vector inside the

crystal can be calculated as:

) 2m
khnt = ﬁEkin -sin 0 (316)

As a result, the 2D Eyin vs k) image of the photoemission intensity is recorded that shows the
band structure close to and at the surface of the studied material.

The wave vector component perpendicular to the surface (ki) can be obtained if assumption
of nearly free electrons in the solid is made. Under this assumption, an inner potential Vy is
introduced: V, = Ey — E,, where Ev vacuum level potential and Eo is bottom of the valence
band (free electron parabola).
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) 1
kint = E\/ZmEkin c0s20 + V, (3.17)

The inner potential Vo depends on the studied material and needs to be determined
beforehand. It may be done by detecting photoelectrons emitted along surface normal
(kf** = 0), while varying energy of incident photons hv and measuring energy of
photoelectrons Eyin. By identifying the high-symmetry points of the 3D Brillouin zone in k,
the inner potential Vo can be determined [125].

The focus point of the thesis are the topological surface states that exist on the surfaces of the
studied materials. Their 2D character reduces the wave vector k to its k},“t component. The
study of the ki component was beyond the scope of this thesis, as the electronic structure of
the bulk was not studied in detail.

Measurements were done with help of URANOS beamline staff: dr Natalia Olszowska, prof.
Jacek Kotodziej, mgr Marcin Rosmus.

3.7 Spin-resolved angle-resolved photoelectron

spectroscopy

Spin-resolved angle-resolved photoemission spectroscopy (SR-ARPES) is similar to ARPES in
that photoelectrons with a well-defined energy Exin and emission angle 6 are collected and
redirected to a spin detector. Main methods that are used for electron spin detection are: Mott
detector [126] and Very-low-energy electron diffraction (VLEED) detector [127]. Pb1.xSnxSe
thin films were studied at the PHELIX end-station at SOLARIS, Krakéw (Poland) [128], which
is equipped with the FOCUS GmbH FERRUM 2D VLEED spin detector [129]. The detector
measures the intensity of electrons reflected by positively and negatively magnetized
ferromagnetic target material, I* and I respectively. The principle of operation is based on the
asymmetry of very low energy spin-polarized electrons scattering from a magnetized
crystalline solid target. In ferromagnetic materials, the binding energies of majority and
minority spin bands can be made unequal by applying an external magnetic field, thus making
reflectivity of the incident electrons spin-dependent. The intensity asymmetry A of the

reflected electrons is defined as:

r—1I-

= — 3.18
A [+ +1- ( )
Then, the spin polarization P may be calculated as:
A
P=— (3.19)
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Where S is a Sherman function coefficient [130] determined for a given detector by measuring
a fully polarized electron beam [129]. For a detector used at the PHELIX end-station S = 0.275.

In the results presented in Chapter 5, intensities [* and I correspond to energy distribution
curves (EDC) measured for a VLEED target magnetized in opposite directions. EDC is a
vertical line profile through the band structure - only electrons escaping sample at the
predefined emission angle 6 are collected. This allows for the calculation of spin-resolved
EDCs (SREDC) [131, 132]:

I +1_
SREDC;, = — — (1 £P) (3.20)

To obtain incident beam polarization P, and in turn SR EDC, the two measurements, [* and I,
have to be carried out with short enough time difference to minimise the influence of the
intensity drift. Assuming intensity variations to be linear in time, the drift influence may be
further minimised by adopting the measurement sequence described in Ref. [133]. Here it
was adopted as I*, I, I, [+, with equal time separation and equal durations of the consequent

measurements.
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Figure 3.31: Spin polarization detection schematic at the PHELIX end-station of the SOLARIS
synchrotron in Krakéow, Poland. (a, b) photoelectron in-plane spin components rotation by rotator lens
RotL. Rotation is either positive (+45°, RotL = +1) or negative (-45°, RotL = -1). (c) Rotation lens does not
affect the out-of-plane spin component. Further 90° deflection makes one in-plane spin component
perpendicular to magnetisation axes of the target iron film, making it undetectable. (d) Scheme of the
scattering geometry in the FOCUS GmbH FERRUM 2D VLEED spin detector. Only electrons with spin
polarization o parallel magnetisation direction p of the Fe film are reflected to the detector. Magnetisation
can be switched in four different states by two pairs of coils. Combining the four-coil system (d) with spin
rotation and 90° deflection (a, b, c) allows for detection of all three orthogonal spin resolved components of
photoelectrons escaping the studied material.
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Measurements were done with the help of PHELIX beamline staff: dr Eng. Magdalena
Szczepanik, dr Ewa Partyka-Jankowska, mgr Tomasz Sobol.

3.8 ARPES data processing

All ARPES, SR-ARPES, and Core Level (CL) data collected and presented in this thesis were
initially processed with IGOR Pro 8 software by WaveMetrics, Inc. This software is used for
scientific data analysis that include, but is not limited to, generating plots and graphs, fitting,
data extraction, and presentation. Igor Pro software is available on both beamlines at which
ARPES measurements were carried out, with custom procedures written by beamline staff. It
allows for visualisation and analysis of large sets of data providing the user with a wide range
of functions to simplify the process. However, this results in steep learning curve for the use
of this software. All ARPES and SR-ARPES results presented in Chapter 5 were processed
using Igor Pro 8. In addition to the build-in functions and procedures available at the
endstations, I wrote custom procedures that were used to significantly shorten the time
required to find Fermi level, the band structure, plot constant energy contour (CEC) stacked
graphs, and 3D cube maps, which were further processed by Phyton scrips that I wrote. All
my custom-written procedures are available on the MagTop data server.

Samples of which spectra were used for the exemplary presentation of the visualisation
methods used are listed in Table 3.4.

Table 3.4: Pb1xSnxSe samples used to discuss the presentation of the data.

name code Sn content [%] Thickness Aim of presentation Bi [%]

G34 GO011422B 15 1 um Colour scale 0.079
Curvature [134] procedure

G36 G011522B 30 1 pm o 0.1
application

G37 G011522C 26 1 pm Finding Er 0.069

3.8.1 Finding Fermi level of the sample

ARPES measurements allow for determination and visualisation of the electronic structure of
the studied samples. Raw data consist of the intensity of electrons emitted at the known
emission angle 6 with the kinetic energy Ex. Angle 6 is recalculated to the wave vector k;
according to Equation (3.16). The energy scale is obtained by subtracting the Fermi energy
Er from the kinetic energy of the electrons. This enables a direct comparison of samples with
different Er when the Fermi level is universally labelled zero at the E-Ex energy axis.
Figure 3.32 shows the process of finding the Fermi energy.
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Figure 3.32: Determination of Fermi energy Er from raw ARPES data. (a) raw ARPES spectrum of
Pbo.74Sno.26Se near T point collected at 200 K (sample G37) with an exciting photon energy of 70 eV with the
emission angle 0 recalculated to the wave vector kj. (b) EDC atk; = 0 marked by the red dashed line in image
(). (c) EDC from image (b) with applied binomial smoothing. (d) part of the conduction band in the 70-
70.2 eV range from image (c). (e) second-order derivative of (d) with inflection point being Er. (f) Fermi-
Dirac distribution in the -0.1 to 0.1 eV energy range at 200 K. (g) second-order derivative of (f).

First, an energy line profile (energy distribution curve (EDC)) of the raw spectrum (image (a))
is taken at k; =0 (image (b)). Then, a binomial smoothing [135], employing the Smooth
function [136] available in the IGOR Pro 8 software, is used. The function is a Gaussian filter
that convolves the data with normalised coefficients derived from Pascal triangle at a level
equal to the smoothing parameter. To streamline the procedure for Er determination, the
smoothing parameter 3 is used. Finally, a second-order derivative of the conduction band (CB)
tail (image (d)) is calculated in order to find the inflection point of the CB tail (image (e)). This
procedure relies on the fact that the average number of electrons occupying a single particle
state i near Fermi energy may be described by Fermi-Dirac (F-D) distribution:

1
fi, = T T (3.21)
where ¢ is the energy of the state i, kg is the Boltzmann constant and T is the temperature in
Kelvins. For simplicity, the total chemical potential (Fermi level) is assumed to be zero.
Image (f) shows the F-D distribution in the -0.1 to 0.1 eV energy range at 200 K. The inflection
point of the second derivative of the F-D distribution (image (g)) is the Fermi level.
Consequently, the position in the energy of the inflection point in image (e) is the Fermi level

of the raw spectra (image (a)).

3.8.2 Colour scale and intensity adjustments

In order to facilitate the understanding of ARPES results, further visual processing of the data
is needed. First, a proper pseudo-colour scheme, or colour map, needs to be chosen to
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improve readability of the images. Then the colour scale and range need to be adjusted.
Figure 3.33 shows three possible representations of the same ARPES image.

(a) linear colour scale (b) linear colour scale (c) logarithmic colour scale
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Figure 3.33: ARPES spectra of 1 um thick Pbo.gsSno.1sSe layer near T point at 200 K grown on BaF:
(111) with different colour scales applied. (a) linear colour scale of the image, CB is barely visible. (b)
linear colour scale of the image with reduced colour range, where VB is overexposed. (c) logarithmic colour
scale of the image, where both CB and VB are well visible. Sample G34.

Due to the difference in the intensity of conduction and valence bands (VB) in the raw data,
the linear colour scale of Figure 3.33 (a) does not allow for a proper analysis of the band
structure. CB is barely visible in the image. Reducing the colour map range of the image with
the linear colour scale (Figure 3.33 (b)) by decreasing its maximum displayed value allows
for better visualisation of the CB. The drawback of this approach is an overexposure of the VB,
as most of the information about this band is in higher image intensities that are above the
threshold needed to make CB visible. The application of a logarithmic colour scale, presented
in Figure 3.33 (c), is the best choice, as CB is well defined and information about VB is
retained on the image and the band gap can be estimated.

3.8.3 Finding the band structure

ARPES is used to study the band structure of the materials. In some cases, obtained spectra
require further processing in order to find the locations of all the interesting bands.
Figure 3.34 shows the procedure for finding the band structure in such a case. Image (a)
shows ARPES spectra of 1 um thick Pbo7SnosSe (111) epilayer near I’ point at 200 K. At this
temperature, the sample is expected to be in the topological crystalline insulator (TCI) phase,
with Dirac-like surface states crossing in the band gap near T point. Indeed, the very intense
Dirac point (DP; crossing of the topological surface states) and topological surface states (TSS)
in VB are visible, but the CB is undistinguishable. To improve visualisation of the spectra,

edge-finding algorithms are employed.
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Figure 3.34: Finding positions of surface bands from the raw ARPES spectra of the 1 pm thick
Pbo7SnosSe (111) epilayer near T point at 200 K. (a) initial spectrum with a linear colour scale. (b) 2D
curvature [137] of the initial spectrum (a). (c) Surface states guidelines (blue and red dashed lines)
overlapping band structure obtained from (b). (d) Surface states guidelines overlapping initial ARPES
spectrum. Sample G36.

Most often, a 2D second derivative (the sum of the vertical and horizontal second derivatives
of the image) is used for this purpose [100, 138]. In 2011, Zhang et al. [137] proposed the
use of the curvature method as a tool for the analysis of experimental curves such as ARPES
spectra in order to find the position of the bands. Another commonly used method is to take
multiple energy dispersion curves [50, 139] or momentum dispersion curves (MDC) [140,
141] of the analysed spectra to find the maxima in the obtained line profiles. The maxima are
then used to find the position of the bands. In this thesis, the 2D curvature method adapted
for IGOR Pro software by Zhang P. [134] is used to better visualise the band dispersion and
find their positions. Figure 3.34 (b) shows the 2D curvature of the image (a). After fine-
tuning the procedure parameters, the band structure is much more clearly visible. In the next
step (see image (c)), the obtained 2D curvature image is used to fit the dispersion relation
equation for massless Dirac fermions:

E(k") - 80 i hVD - k" (3.22)
where g is an additional energy offset used to compensate for Er shift due to sample doping.

To improve accuracy of the fitting, second-order correction of the Dirac velocity vp is used
[142]:

vp = V(1 + a-kf) (3.23)
where a is the correction term.

Combining Equations (3.22) and (3.23) results in the fit presented in Figure 3.34 (c). In
step 3, the obtained dispersion relation is placed on top of the initial ARPES image to improve
direct visualisation of the band dispersion.
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In the case of samples in the normal insulator (NI) phase, an ellipsoidal non-parabolic two-
band Kane dispersion relation is used, with an additional energy offset €y, derived from

equation (3.4) from Ref. [82]:
Ey |2h%- ki
E= +— |[———+1 3.24
_Z/Eo_m+ + g (3.24)

where m = 2— and m* is the effective mass of an electron in CB or VB and my is the mass of
0

the electron. Eg is the bulk band gap of Pb1.xSn;Se in meV, calculated from the semi-empirical
Preier’s formula [68], with x being the Sn content and T being the temperature of ARPES
measurement:

Eo(x,T) = 125 —1021-x+ /400 + 0.256 - T2 (3.25)
In the case of the (001) samples, Equations (3.24) and (3.25) are used to fit both Dirac cones.

In the case of the (111) samples with Rashba splitting, the dispersion relation that takes the
second-order correction into account [143] is used to fit the Rashba surface states (RSS):

hZ
E. =
+ g t+ 5

2
Ltag- (1+v-KE) K (3.26)

my,

where € is the energy offset, m is the effective mass of an electron, kj is k-space vector, v is
the second-order correction parameter. The Rashba parameter ar [144] is used as a variable
in the fit. The determination error of the ar is assumed 0.1 eV-A due to manual fitting of the
Equation (3.26) to the 2D curvature of the ARPES spectrum. The Rashba parameter can be

also calculated using Equation (2.13): ag = Zkﬂ, with calculation error Aar estimated by Root
0

Sum Square method as:

Mo = ag \/<Ak_1?>2 + (AE_E>2 (3.27)

Eo and ko denote the position of the fitted parabolas’ minima in energy and k-space, with
respect to the Kramers point (KP), as shown in Figure 2.1. AE and Ak, are respective
measurement errors. These were estimated as 0.01 eV and 0.0025 A1, respectively, based on
detector resolution of URANOS beamline (0.0018 eV and 0.1°, respectively) combined with
measurement error of manual determination of the positions of the bands.

Both approaches of determining the Rashba parameters give comparable results, within the
margin of error of determination. Because of the fact that ar is calculated from ARPES spectra,
Equation (2.13) was used for final determination of the Rashba parameter. For details of
features of the Dirac-Rashba spectrum, see Section 5.2.2.



Chapter 4

MBE growth and structural
characterisation of the samples

In this chapter, MBE growth and structural characterisation of Pb1xSnxSe and a-Sn samples
will be presented. Samples discussed in a given section are listed in the table at the beginning
of this section, with names used in the thesis. The lists of all samples relevant to this thesis
are presented in Appendix B.

[ was involved in the growth of Pb1.xSnxSe samples prepared in two MBE setups: PREVAC 190,
equipped with elemental Pb, Sn, and Se sources and Veeco GENxplor GM#2, equipped with
stoichiometric PbSe and SnSe compound sources. Most of the epilayers discussed were grown
by me, under the supervision of dr V. V. Volobuev, in the latter system. Details of the growth
procedures are described in Section 3.1.3 MBE growth of Pb1-xSnxSe epilayers. I also
participated in some of the growths of a-Sn samples in Veeco GENxplor GM#2. Details of the
growth procedure are described in Section 3.1.4 MBE growth of a-Sn epilayers.

4.1 Comparison of (111) Pb1xSnxSe MBE growth with

elemental and compound sources

In this section, a comparison of RHEED, AFM, and XRD measurements for films grown in
PREVAC 190 and Veeco GENxplor GM#2 is presented. The systems are equipped with
elemental and compound sources, respectively. [ participated in growth of the samples in the
PREVAC system, carried out by dr V.V. Volobuev. In the GM#2 system, the samples were
grown by dr V. V. Volobuev and me. AFM measurements were performed by dr M.
Aleszkiewicz. XRD measurements were performed by dr V. V. Volobuev, with my assistance.
The purpose of the comparison presented in this section is to establish whether the use of
elemental or compound sources influences the properties of PbixSn.Se epilayers grown
under similar conditions. The growth from compound sources is expected to be less
demanding in terms of choosing the proper IV to VI flux ratio, but can suffer from worse purity
of materials. In the case of elemental sources, 7N elements are used, while compound sources
are produced by direct synthesis of elements from 6N elements (see Figure 3.10) and the
final purity is worse. The samples discussed are listed in Table 4.1. Samples grown in the
PREVAC MBE system were studied in Ref. [100].

61
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Table 4.1: List of Pb1xSnxSe samples relevant for comparison of MBE growth with elemental and
compound sources.

Sn content . Growth T Studied
name code substrate Thickness Comments
[%] [°C] by
P1 P121517B BaF: 19 1 um 325 AFM -
Anneal:
P3 P011118A BaF: 24 50 nm 250/440 XRD .
S5min
Anneal:
P5 P011118C BaF: 16 50 nm 250/440 XRD .
S5min
P7 P032918B BaF: 19 1 pm 363 AFM Se decap
AFM,
G2 GM2_250220B BaF: 34 1 um 340 -
XRD, EDS
G9 G102121A BaF: 25 1 pm 365 XRD Se cap
G11 G102621A BaF: 31 1 um 350 XRD Se cap
G12 G102821A BaF: 15 1 pm 360 XRD Se cap

Figure 4.1 shows the RHEED patterns recorded after the growth of 1 um Pb1.xSn\Se using
compound sources (stoichiometric PbSe and SnSe) and elemental sources (Pb, Sn, Se), (a)
and (b), and (c) and (d), respectively. In both cases, streaky patterns, with sharp reflections
on Laue semicircle and Kikuchi lines are visible, pointing to atomically smooth, flat surfaces.

(b)

(d)

Figure 4.1: RHEED patterns of (111) Pb1xSnxSe epilayers, recorded along [112] and [110] azimuths,
grown using compound and elemental sources. (a) and (b) xsn=0.19 (sample P7) film grown with
elemental sources. (c) and (d) xsn = 0.34 (sample G2) film grown with compound sources.

Figure 4.2 shows representative AFM images of the 1 um thick Pb1.xSnsSe films grown on
cleaved (111) BaF; in the PREVAC 190 and Veeco GENxplor GM#2 systems, (a) - (c¢) and (d)
- (f), respectively. In both cases, characteristics spiral step structure [145] is present. On the
surface of the samples grown with elemental sources, a single spiral is slightly wider on
average (see Figure 4.2 (a) and (d)). The RMS roughness is also greater for the studied films
grown with the elemental sources. One also has to keep in mind that the composition of the
layers is different. Therefore, the samples are not fully comparable.
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0.0

Figure 4.2: AFM images of 1 pm thick Pb1xSnxSe films grown on (111) BaF2 using compound and
elemental sources. (a), (b), (c¢) xsn=0.19 (sample P1) film grown with elemental sources with
RMS = 2.42 nm. (d), (e), (f) xsn = 0.34 (sample G2) film grown with compound sources with RMS < 1 nm.
Measurements were performed by M. Aleszkiewicz. Data presentation by B. Turowski.

In Figure 4.3, a comparison of the XRD measurements of Pbi,Sn,Se films grown in the
PREVAC 190 and Veeco GENxplor GM#2 systems is presented. Wide range 20-w scans,
presented in (a) and (b), for both kinds of epilayers show only the presence of the (111)
phase. The samples grown using elemental sources were significantly thinner (50 nm) and
because of this, the signal ratio of BaF; to Pb1.xSnxSe is much higher in this case. The sampling
of the scans for the 50 nm epilayers is lower because of the shorter measurement time, as
these measurements were carried out at the time of familiarisation with the measurement
system. Similarly, reciprocal space maps (RMS) show a stronger signal coming from BaF; for
50 nm samples.
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Figure 4.3: XRD investigation of (111) Pb1xSn:Se epilayers grown using elemental and compound
sources. (a) and (b) Wide range 26-w scans of samples with Sn content of 15-16% and 24-25%,
respectively. Bottom scans (lighter colours) show 50 nm thick films grown with elemental sources (samples
P3 and P5 in (a) and (b), respectively). The top scans (darker colours) show 1 um thick films grown with
compound sources (samples G9 and G12 in (a) and (b), respectively). (c) and (d) RSM around the
asymmetric (513) reciprocal lattice point at room temperature (samples G11 and P3 in (c) and (d),
respectively) showing strain induced by growth of Pb1xSnxSe on BaF2. Measurements were performed by
dr V. V. Volobuev, with B. Turowski assistance for 1 pum thick samples. Data presentation by dr V. V. Volobuev
and B. Turowski.

4.2 Pbi1xSnxSe epilayers for ARPES and SR-ARPES

In this section preparation, by MBE growth, and the characterisation of Pb1«SnySe grown on
BaF; (111) in the VEECO GENxplor system are discussed in order to demonstrate the high
quality of the epilayers grown that were later studied by ARPES and SR-ARPES. Research of
some of the samples prepared in this system was published in Ref. [15] and presented in part
during the 5" International Conference on Applied Surface Science (ICASS 2022) in the form of
a 20 minutes oral presentation. I grew the samples with dr V. V. Volobuev. Structural
characterisation of the epilayers was done by XRD, SEM (with EDS), and AFM. I assisted in
XRD measurements performed by dr V. V. Volobuev. SEM (EDS) measurements were
performed by dr T. Wojciechowski. AFM measurements were performed by dr M.
Aleszkiewicz. The samples were grown to observe the influence of transition metal deposition
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on the surface of Pb1.xSn.Se TCI in normal and topological crystalline insulator phases. The
samples discussed are listed in Table 4.2.

Table 4.2: List of Pb1xSnxSe samples relevant for structural quality characterization of epilayers
studied by ARPES.

name code Sn content [%] Thickness Studied by Bi [%]
G1 GM2_120220B 0 1 um XRD -

G2 GM2_250220B 34 1 um AFM, XRD, EDS -

G3 GM2_070920A 26 1 um ARPES, CL 0.06
G6 G072621A 24 2.5 um XRD -

G9 G102121A 25 1 pm XRD 0.067
G11 G102621A 31 1 pm XRD, RHEED 0.08
G12 G102821A 15 1 pm XRD 0.08
G13 G102921A 0 260 nm RHEED -

G17 G110421A 14 1 um + 250nm RHEED 0.082
G20 G110821B 24 1 um + 250nm RHEED 0.068
G31 G011322A 12 1 um ARPES/SR, RHEED 0.079
G39 G070822Ap 27 1 um AFM -

G40 G070822Ac 27 1 um AFM -

G41 G092922A 27 1 pm RHEED oscillations (Mn) -

G42 G102622A 28 10x10nm RHEED oscillations -

4.2.1 Samples growth

In order to study topological transition in Pb1.xSn\Se, samples in both normal insulator and
topological crystalline insulator phases were grown in the range of 0% to 35% tin content.
During MBE growth, RHEED patterns were recorded in-situ to assess the quality of the films
in real time. Figure 4.4 and Figure 4.5 show representative patterns observed for Pb1.xSnySe
epilayers. Streaky and high contrast patterns, with sharp reflections on Laue semicircle,
coming from surface diffraction of the electrons, and intense Kikuch lines, coming from the
diffraction within the growing crystal, are observed. Such patterns indicate a two-
dimensional growth mode and atomically flat surfaces. Images (a) to (f) in both Figure 4.4
and Figure 4.5 show RHEED images of the corresponding 1 pm thick Pb1.xSnxSe films grown
on BaF; (111) substrates, recorded along [110] and [112] azimuths, respectively. They show
that high-quality epilayers were grown over a range of different compositions of Pb1.xSn,Se
having the rock-salt structure. Images (c) , (d) and (e) show a representative RHEED of
samples with compositions similar to those of samples studied with ARPES and SR-ARPES.
Images (f) show that there is no degradation in sample surface quality, when studied by
RHEED, after a one-month storage in the UHV suitcase, used to transfer samples from the
GM#2 system to the synchrotron facilities.
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Figure 4.4: RHEED patterns of 1 pm Pb1xSnxSe epilayers recorded along [110] azimuth grown on
BaF:z (111) substrates in the GM#2 system for x = 0, 0.1, 0.15, 0.25 and 0.3, (a) to (e), respectively. (f)
RHEED pattern recorded along [110] azimuth of sample (c) after one-month long storage in the UHV
suitcase. Samples G13, G31, G17, G20, G11 (a) to (e), respectively.

Figure 4.5: RHEED patterns of 1 pnm Pb1.xSnsSe epilayers recorded along [112] azimuth grown on BaF:
(111) substrates in the GM#2 system for x = 0, 0.1, 0.15, 0.25 and 0.3, (a) to (e), respectively. (f) RHEED
pattern recorded along [112] azimuth of sample (c) after one-month long storage in the UHV suitcase.
Samples G13, G31, G17, G20, G11 (a) to (e), respectively.

To establish the growth mode of the films grown in the GM#2 system, 80 seconds growth of
Pbo.72Sno28Se (sample G42) at various values of substrate temperature was carried out on a
refreshed surface of a 1 um thick Pbo.73Sno.27Se layer (sample G41) grown on BaF; (111), and
kept in the UHV chamber. Growths were carried out with a pause after each substrate
temperature decrease to allow proper stabilisation of the substrate temperature. Specular
spot intensity was recorded for two minutes: 20 seconds before, 80 seconds during, and 20
seconds after the growth. The specular spot intensity oscillations are presented in Figure 4.6,
as recorded by the kSA 400 analytical RHEED system software, which was also used for the
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damped sine wave fit of the oscillations. The fits were used to calculate the growth rate of
Pbo.72Sno28Se, shown in Table 4.3, at the corresponding temperatures.

w353 °C == 321°C = 306°C === 193 °C == 156 °C
= 290 °C == 258 °C = 227 °C = 138°C == 96 °C
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Figure 4.6: Specular spot intensity oscillations as a function of Pbo.72Sno.2sSe growth time for different
substrate temperatures. The damped sine wave fit (in red) for all film deposition temperatures was done in
the kSA 400 analytical Reflection High-Energy Electron Diffraction (RHEED) system software. Black dashed
lines mark the beginning (left) and end (right) points of growth. Sample G42.

For a substrate temperature above 290 °C, the specular spot intensity oscillations disappear
after ~10 periods. Initial few monolayers grow in layer-by-layer mode, but due to high surface
mobility and presence of surface steps, the growth shifts to step-flow mode and the
oscillations disappear. Interpreting the growth mode as the step-flow mode is supported by
the presence of fine streaks in RHEED patterns coming from the presence of terraces on the
sample surface [108]. Reduction of the growth temperature induces a layer-by-layer growth
mode with persisting oscillations of the specular spot intensity. For growths in the
temperature range of 277 - 138 °C, oscillations were present for the entire 80 seconds of
deposition, with 193 °C being the most pronounced. Growth temperature below 100 °C
reduced the surface mobility of adatoms and resulted in 3D island growth.

Table 4.3: Growth rate of Pbo.72Sno.z2sSe calculated from the damped sine wave fits shown in Figure 4.6
using the kSA 400 analytical RHEED system software. Sample G42.

Temperature

[°C] 353 321 306 290 258 227 193 156 138 96
Growth rate

(A/s] 1.054 1.057 1.041 1.031 1.026 1.012 1.008 0.997 0992 0.989

The growth rates are determined by the software used from the period of recorded
oscillations and the lattice plane distance of the grown material. The decrease of the growth
rate with decreasing temperature is counterintuitive. The lower substrate temperature
should decrease the desorption of the molecules from the surface, resulting in a higher growth
rate. Observed phenomena can be explained by a model suggested by A.l. Nikiforov et al.
[146] in which one RHEED oscillation period does not necessarily correspond to growth of
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one full monolayer. At the temperatures of transition from 2D to step-flow growth mode,
which is the case here, the maximal derivation of thickness of the film grown during one
oscillation period was found to be as high as 25%. In the case of growth of Pbo72Sno2sSe, the
growth rate decrease is 6%. The growth rate determined by QCM was 1.207 A/s, measured
before the start of the experiment.

4.2.2 Structural and compositional characterization

AFM images support the conclusion from RHEED patters of smooth 2D growth of the films.
Figure 4.7 (a), (b) and (d) show a characteristic spiral step structure for films grown on
cleaved BaF; [145]. The origin of such structure is in the 1.2% - 2% lattice mismatch between
Pb14Sn,Se and BaF,. The mismatch causes a screw type threading dislocations that pin the
surface steps. The root mean square (RMS) roughness is below 1 nm and the step size is
~1 nm. Spiral step structure is absent for Pbo73Sno27Se grown on polished BaF; (Crystal
GmbH BaF; substrate (111)K<0.5°), as shown in Figure 4.7 (c).
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Figure 4.7: AFM 2 pm x 2 pm images of Pb1xSnxSe films grown on (111) BaFz. (a), (c) xsn = 0.27, (b)
xsn=0.34, (d) xsn = 0.26. (a), (b), (d) grown on cleaved BaFz, (c) grown on polished BaFz. (d) 0.3 ML Fe
deposited on the surface. Image (a) adapted from Ref. [15]. Samples G39, G2, G40, G3 (a) to (d), respectively.
Measurements were performed by dr M. Aleszkiewicz. Data presentation by B. Turowski.

Due to a slight polishing off angle of less than 0.5° the steps on the substrate have preferred
orientation. In the step-flow growth mode, the PbixSniSe film growth follows the initial
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orientation of the steps, resulting in semi-parallel orientation of the steps on the surface of
the grown film. Similarly, the RMS roughness is below 1 nm and the step size is ~1 nm.

White spots are present in the AFM images for each measured Pb1.4Sn,Se film to a greater or
lesser extent. The deposition of a sub-monolayer (ML) amount of TM (Fe in this case) causes
the emergence of an additional triangular pattern in AFM images.

Single-phase single-crystalline film growth was confirmed by XRD measurements.
Figure 4.8 (a) and (c) show that only {111}-type reflections of the substrate and the film are
present.
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Figure 4.8: Structural investigation of (111) Pb1.xSnxSe epilayers by XRD. (a) Wide range 26-w scans
of samples with Sn content of 15%, 25% and 31% (G12, G9 and G11)). (b) Reciprocal space maps (RSM) of
symmetric (222) reflection of samples with Sn content 0%, 15% and 31%, respectively, left to right (G1,
G12, G11). (c) High resolution 26-w scans of samples with nominal Sn content of 0%, 24% and 34% (G1,
G6, G2). (d) RSM around the asymmetric (513) reciprocal lattice point showing the strain induced by
growth on BaF2 for sample G2. Images (a) and (b) adapted from Ref. [15]. Measurements performed by V.V.
Volobuev with B. Turowski assistance. Data presentation by B. Turowski.

The typical FWHM value of w-rocking curve extracted from (222) RSM (Figure 4.8 (b)) was
40 - 70 arcsec for BaF; substrates and 200 - 500 arcsec for 1 um thick Pb;.4SnySe films. This
FWHM value gives information on the existence of defects such as dislocations and mosaicity
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in the grown film - w-rocking broadens due to their presence. The smaller the FWHM, the
closer the film is to the perfect epitaxial layer. The position of Pb14SnsSe in (222) RSM is a
linear function of the Sn content. Similarly, there is an xs, dependent shift of the diffraction
peaks to larger diffraction angles, as shown in Figure 4.8 (c). Both of these correspond to a
decrease of the Pb1.xSn,Se lattice constant appsnse, Which is related to the Sn content xs, by the
following equation [147]:

_6.1240 — appgnse

41
Xsn 0.1246 (1)

With increasing xs», the lattice constant of Pb1.xSniSe decreases and the strains in the grown
film increase. The appsnse Was calculated in accordance to Section 3.3 X-ray diffraction.
Figure 4.8 (d) shows that 1 pm thick Pbo7Sno3Se is indeed slightly strained when grown on
BaF;, as the position of the Pbo7Sno3Se maxima moves along the red dashed line
corresponding to the expected position of the strained Pb.ssSno.34Se maxima.

In addition to the above, a sample with xs, = 0.34 was analysed by EDS to characterize its
composition and verify the nominal Sn content calculated from deposition rate measurements
with QCM. It was found to be 32% and within 2% agreement with the composition obtained
by XRD and EDS (Figure 4.9).
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Figure 4.9: EDS of 1 pm thick Pb1xSnxSe film with xsn = 0.32. Operating voltage 15 keV. Inset: SEM image
of the scanned sample fragment. Sample G2. Measurements performed by dr T. Wojciechowski with B.
Turowski assistance. Data presentation by B. Turowski.

Table 4.4 shows the detailed results of the EDS measurement of 1 um Pb14SnxSe film with Sn
content estimated from the deposition rate as 30%. Small traces of carbon (C) are usually
present for every sample measured in the used setup. Due to the fact that bismuth (Bi) doping
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is less than 1%, it is below the detection limit of EDS. The tin content Xs, is calculated as
follows:

at. %Sn

Xgn = 4.2
sn at. %Sn + at. %pb ( )

and equals to 32%.

Table 4.4: Composition of 1 pm Pb1xSnxSe film with xsn = 0.32 obtained from the EDS data presented in
Figure 4.9. Sample G2. The nominal Sn content was 34%, estimated by QCM deposition rate measurement.

Element wt. % at. % at. % C norm.
Pb 50.77 21.16 32.79

Sn 13.82 10.05 15.57

Se 30.48 33.32 51.64

C 4.93 35.47 -

Some of the samples studied in the scope of this thesis were covered by an amorphous Se cap
to protect Pb1.xSnsSe surface from exposition to the air atmosphere. Prior to the ARPES
studies, the Se layer was re-evaporated in the UHV chamber to recover the original clean
epilayer surface. Figure 4.10 shows that no significant decrease in the quality of the
Pb1.4Sn,Se film is observed in AFM after Se decapping. The characteristic spiral step structure
is still present, albeit it is not as sharp as in samples that have not been capped with Se.
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Figure 4.10: AFM images of Pbo.siSno.19Se film grown on (111) BaF2 after 100 nm Se decapping. (a)
2 um x 2 pum image. (b) 10 um x 10 pm image. Measurements done by dr M. Aleszkiewicz. Data presentation
by B. Turowski.

4.2.3 Transition metals

In this thesis, Fe and Mn Transition metals (TM) were deposited in submonolayer thickness
on a surface of Pb1.SnsSe TCI in order to verify whether a magnetic impurity on the surface
would induce ferromagnetism that would lead to spontaneous breaking of a crystalline
symmetry and result in gap opening in surface spectrum [148, 149].
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Transition metals belong to groups 3 to 12 of the periodic table. The term ‘transition’ comes
from their transitional position between metals of groups 1 and 2 and predominantly non-
metals of groups 13 to 18. The first row of the TM, which encompasses iron (Fe) and
manganese (Mn) used in this thesis, coincides with the filling of the 3d orbitals. The TM can
be defined as an element possessing filled or partially filled valence d orbitals in one or more
of its oxidation states [150]. The d electrons are responsible for the interaction with the
bonding electrons, which are described by crystal-field theory [151]. The occupation of the d
subshell by electrons is responsible for the magnetic properties of a given material. The
possible occupation is restricted by the Pauli Exclusion Principle and the Hound’s rule.
According to the Pauli Exclusion Principle, no two electrons can occupy the same quantum
state at the same time. According to the Hound'’s rule, every orbital in a subshell mustbe singly
occupied before any orbital can be doubly occupied, and all electrons in singly occupied
orbitals must have the same spin. Therefore, a TM with partially filled d orbital has unpaired
electrons, which causes a non-zero magnetic moment and magnetic properties of the given
element. Transition metals are discussed in great detail in the book titled Transition Metal
Chemistry by M. Gerloch and E. C. Constable [152].

4.2.4 Deposition of TM

Manganese (Mn) and iron (Fe) transition metals were deposited at RT on the surface of
epilayers with Sn content ranging from 25% to 30%. Fe depositions were performed in the
preparation chambers of the URANOS and PHELIX beamline end-stations, using available
electron beam evaporators. Mn depositions were performed in the preparation chamber of
the URANOS beamline end-station, for samples grown in the Riber 1000 system, using a
quadruple Knudsen effusion cell. Additional experiments of Mn depositions were performed
in the growth chamber of the GM#2 system using a Knudsen effusion cell [153, 154]. The
evolution of the RHEED patter for such Mn deposition is presented in Figure 4.11. In all
systems, calibrated QCMs were used to control the thickness of the deposited TM. The
deposition steps are presented in Table 4.5 and Table 4.6 for epilayers studied at URANOS
and PHELIX beamlines, respectively.

Table 4.5: Transition metal deposition (thickness in ML) on the surface of 1 pm thick Pb1xSniSe
epilayers studied by ARPES.

st 2nd 3rd 4th Sth

Sample Code %Sn TM Sum
dep. dep. dep. dep. dep.
R1 MBE_3431B 26 Mn 0.1 0.1 0.1 0.1 0.2 0.6
R2 MBE_3440A 30 Mn 0.1 0.1 0.1 0.1 - 0.4
R3 MBE_3440B 30 Mn 0.1 0.1 0.1 0.1 - 0.4
R4 MBE_3426A 25 Fe 0.05 0.05 0.1 - - 0.2
R5 MBE_3426B 25 Fe 0.05 0.05 0.1 - - 0.2
G3 GM2_070920A 26 Fe 0.1 0.1 0.1 - - 0.3

G5 GM2_140920A 30 Fe 0.2 0.2 0.2 - - 0.6
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The samples grown in the Riber 1000 MBE system were covered in-situ with an amorphous
Se layer in order to protect the sample surface from air exposure. The samples were annealed
in the preparation chamber of the URANOS end-station for 15-40 minutes at 200-330 °C.
Details are given in Appendix Table B.5.

Table 4.6: Transition metal deposition (thickness in ML) on the surface of 1 pm thick Pb1xSnxSe
epilayers studied by SR-ARPES.

Sample Code % Sn ™ 1stdep. 2nddep.  Sum

G35 G011522A 24 Fe 0.3 - 0.3

G36 G011522B 30 Fe 0.2 0.4 0.6

G37 G011522C 26 Mn + Fe 0.4 Mn 0.2 Fe 0.4 Mn + 0.2 Fe

Samples grown in the Veeco GENxplor GM#2 MBE system were transported to the SOLARIS
Synchrotron facility in a UHV suitcase and transferred to the preparation chambers of the
URANOS and PHELIX end-stations without air exposure. Samples G3, G4 and G5 had some
initial in-situ deposition of TM performed (0.1 - 0.4 ML of Fe or Mn) in GM#2. These
depositions were performed after the initial characterisation of the E-gun and in different
conditions (sample temperature below 0 °C) than other TM depositions. Due to this fact, it is
difficult to define the exact amount of TM on the surfaces of the samples. This point is later
referenced in the discussion of ARPES spectra.

In order to study behaviour of the TM adsorbate on the surface, the intensity of the speclular
spot, along [110] azimuth, was observed during the deposition of 1 ML Mn on the surface of
1 um thick Pbg73Sno27Se film.
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Figure 4.11: Influence of Mn deposition on the RHEED pattern of Pb1xSnxSe. (a) RHEED pattern of 1 pm
Pbo.73Sno27Se epilayer recorded along [110] azimuth. (b) RHEED pattern of the same sample after
deposition of 1 ML Mn. (c) Specular spot (blue ellipse in images (a) and (b)) intensity of the same sample as
a function of Mn deposition. Adapted from Ref. [15]. Sample G41.
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Figure 4.11 (a) and (b) show RHEED patterns before and after 1 ML Mn deposition,
respectively. An increase in background noise is observed, as well as a decrease in the
intensity of the specular spot (Figure 4.11 (c)). There are no additional features, such as
spots or rings, in the RHEED pattern after Mn deposition (Figure 4.11 (b)). This reveals that
the TM forms a disordered, amorphous, or nanocrystalline, phase on the surface of PbixSnxSe.

4.3 Ultra-thin Pb1xSnxSe layers MBE growth

Ultra-thin (30 to 120 nm) Pb1xSniSe epilayers were grown in PREVAC and GM#2 systems.
Samples grown in the PREVAC 190 system (P3-P6) were studied in Ref. [100]. The samples |
grew in the GM#2 system are being studied by the MagTop Group of Characterisation and
Processing (ON6.3). The permalloy (NiFe) is deposited on the samples via magnetron
sputtering [155] in order to study magnetodynamic properties of the Pbi.SnySe/NiFe
bilayers using inverse spin hall effect voltage measurements. The full list of ultra-thin
epilayers grown in GM#2 is presented in Appendix Table B.3. Samples relevant to the
discussion presented in this subchapter are given in Table 4.7.

Table 4.7: List of Pb1.xXSnxSe samples used to discuss the growth of ultra-thin epilayers.

Annealing T

name code Sn content [%] Thickness  Growth T [°C] ]
P1 P121517B 19 1 um 325 -

P4 P011118B 32 50 nm 250 440
G47 G121021A 26 30 nm 200 380

The ultra-thin Pbi.4SnySe film growth procedure is different from the one described in
Section 3.1.3 MBE growth of Pb1-xSnxSe. The substrate temperature is set to allow for an
island growth mode of Pb1.xSniSe on bare BaF. In the PREVAC 190 system, growth was
carried out at 250 °C. In the GM#2 system, the growth was carried out at 180-225 °C. After
deposition of the desired thickness, controlled by BFM or QCM, the substrate temperature
was increased to 440 °C or 340-390°C in the PREVAC and GM#2 systems, respectively. Then,
the sample was annealed for 5-10 minutes, while the evolution of the RHEED pattern was
observed. Figure 4.12 shows the RHEED images recorded along [110] and [112] azimuths of
sample G47, before ((a) and (c)) and after ((b) and (d)) annealing at 380 °C. Initially, after
deposition of 30 nm Pbo.74Sno.26Se, spots coming from 3D islands on the surface are visible.
After annealing, high contrast, streaky patterns are visible, with reflections on the Laue
semicircle and intense Kikuch lines. The streaks are sharper than in the case of 1 um layers,
suggesting a smoother surface. After the growth, samples that were later examined by
different methods were covered with amorphous Se at RT to protect the surface when the
samples are removed from the UHV.
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Figure 4.12: RHEED patterns of 30 nm Pbo.74Sno.2¢Se film. (a), (b) along [110] azimuth. (c), (d) along
[112] azimuth. Images (a) and (c) show RHEED after initial deposition of the material. Images (b) and (d)
show RHEED annealing. Sample G47.

AFM images of 1 pm and 50 nm thick Pb1.4SnsSe films, grown in the PREVAC 190 system,
presented in Figure 4.13 (a) and (b), respectively, show that the above conclusion was
correct. The RMS roughness of 50 nm films is significantly smaller (0.345 nm for 50 nm vs
2.32 nm for 1 pm thick film), meaning a smoother surface. It is also consistent with an
elevation level difference of 1 monolayer (1 atomic layer of metal + 1 atomic layer of Se). The
spiral step structure, characteristic for thicker layers of Pb1.xSnySe grown on cleaved (111)

BaF», is absent for 50 nm layers grown on a similar substrate.
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Figure 4.13: AFM 2 um x 2 um images comparison of Pb1.xSnxSe thin and ultra-thin films grown on
(111) BaFz. (a) 1 pm thick xsn = 0.19 film (sample P1) with RMS = 2.42 nm. (b) 50 nm thick xsn = 0.32 film
(sample P4) with RMS = 0.345 nm. Measurements performed by M. Aleszkiewicz. Data presentation by
B. Turowski.
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4.4 «a-Sn epilayers for ARPES

In this section, preparation by MBE growth and characterisation of a-Sn grown on CdTe (001)
are discussed. Results shown in this subchapter were resented in a poster titled Growth of
Gray Tin epilayers on insulating (001)-CdTe/GaAs substrates and its Angular Resolved
Photoemission Spectroscopy studies during the online 49t International School & Conference
on the Physics of Semiconductors “Jaszowiec 2021”. The samples were grown by
R. Rudniewski (hybrid CdTe/GaAs substrate) and dr V. V. Volobuev (a-Sn epilayers). |
participated in some of the a-Sn growths. AFM measurements were done by dr
M. Aleszkiewicz. XRD measurements were done by dr V. V. Volobuev. Transport studies of
samples a-Sn with a similar thickness (50-200 nm) are being done by ]. Polaczynski and are
the focus point of his PhD thesis. The obtained results are submitted for a publication [13].
The discussed samples are listed in Table 4.8.

Table 4.8: List of Sn samples used for structural characterisation.

name code phase Thickness [nm] Studied by

Vi GM2_290320A a-Sn 50 XRD

V2 GM2_290320C B-Sn 50 XRD

V3 GM2_200420A o-Sn 30 XRD (fringes), RHEED
V13 GM2_180221A ao-Sn 150 XRD (wide range)
V14 G061521A ao-Sn 50 AFM

4.4.1 Samples growth

In order to study the Dirac semimetal phase in grey tin, epilayers with thickness varying from
30 nm to 200 nm were grown on (001) GaAs substrates with CdTe (001) buffers. The
complete MBE growth procedure is described in detail in Section 3.1.4 MBE growth of a-Sn.
Figure 4.14 (a) shows that high quality hybrid CdTe/GaAs buffers were prepared as a
substrate. Figure 4.14 (b) shows the 2D growth of thin a-Sn epilayers.

(a) CdTe along [110] azimuth (b) a-Sn along [110] azimuth

Ui RUEN

Figure 4.14: RHEED patterns of (a) CdTe buffer before grey tin epitaxial growth and (b) 30 nm a-Sn
epilayer recorded along [110] azimuth. CdTe buffer growth by R. Rudniewski, a-Sn growth by
V. V. Volobuev. Data presentation by B. Turowski. Sample V3.



4.4 a-Sn epilayers for ARPES 77

Half order reconstruction maxima are observed, similar to reports of high quality (001) a-Sn
grown on InSb [90, 156, 157]. In both cases, sharp reflections on the Laue semicircle and
intense Kikuch lines are visible in the RHEED patters. In Refs. [90, 156, 157] the formation of
a-Sn is determined by (2x2) reconstruction observed during the film growth. In order to
verify the RHEED pattern obtained (see Figure 4.14 (b)), the simulation of the patterns for
a-Sn with (2x1) reconstruction and (2x2) reconstruction, Figure 4.15 (a) and (b),
respectively, was performed with the script described in Section 3.2.1.

(@) 2x1 (b) 2X2

Figure 4.15: Surface reconstructions of a-Sn. (a) Simulated RHEED pattern of a-Sn with 2x1
reconstruction. (b) Simulated RHEED pattern of a-Sn with 2x2 reconstruction. (c) Real RHEED pattern
along [110] azimuth of 30 nm thick a-Sn. (d) Real RHEED pattern along [110] azimuth of 30 nm thick a-Sn.
Sample V3.

The positions of the diffraction streaks and spots in the simulated RHEED patterns are in good
agreement with the experimental results. The reconstruction between main streaks is present
in both RHEED patterns recorded along [110] and along [110], images (a) and (b),
respectively. However, in the simulated image (b) of (2x2) reconstruction, additional
diffraction spots from another Laue ring are visible near the top of the image. These spots are
absent in the simulated image (a) of the (2x1) reconstruction and are absent in the real
RHEED pattern (images (c) and (d)). This suggests that the manufactured sample is «-Sn-
(2x1). This conclusion is supported by the RHEED study of «-Sn grown by MBE on InSb (100),
presented in Ref. [158]. The authors report that for 20 nm thick films the surface
reconstruction is predominantly two-domain (2x1) with small amount of (2x2). The number
of (2x2) structures increases for thickness greater than 50 nm [158]. It is important to note,
that the presented RHEED simulation is a simplification and does not take into account all
possible factors. The diffraction spots absent in Figure 4.15 (c) and (d) might be visible at
higher accelerating voltage.
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4.4.2 Structural and compositional characterization

Figure 4.16 shows the AFM image of a 30 nm thick a-Sn epilayer. The Root Mean Square
(RMS) is of the order of 2 nm proving smooth surface of the films and confirming conclusions
from RHEED patterns presented in Figure 4.14. The main source of Sn layer roughness seems

to be the CdTe buffer, demonstrating a similar surface pattern and RMS.

(@) (b)

Figure 4.16: AFM 10 pm x 10 pm images of (a) CdTe grown on GaAs (001) substrate and (b) 50 nm thick
a-Sn film grown on (001) CdTe buffer. Measurements done by M. Aleszkiewicz. Data presentation by B.

Turowski. Samples V15 and V14, (a) and (b) respectively.

XRD measurements confirm that the grown films are a-Sn. Since grey tin has a diamond cubic
structure, and the epilayers were grown on (001) substrate, the expected XRD reflections of
high quality (001) epilayer are (00X), where X is multiplicity of four, due to diffraction
selection rules presented in Table 3.3. Figure 4.17 shows the comparison of XRD 20-w scans
of 50 nm thick a and (3 Sn epilayers grown on (001) CdTe/GaAs, marked with purple and
turquoise colours, respectively. Both CdTe and GaAs have the zinc blende crystal structure
with allowed reflections for h, k and | all being odd or even. Due to the (001) orientation of
the growth, h and k are always even (equal to zero), thus reflections only from planes with

even | are observed.

(a) —— a-Sn (50nm) (b) —— B-Sn (50nm)
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Figure 4.17: 20-w scans of « and § Sn/CdTe/GaAs (001) 50 nm films. (a) Wide range scan; dashed
rectangle shown in (b). (b) Zoom-in to (002) reflection. Samples V1 and V2, a and {3 Sn respectively.
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Figure 4.17 (a) shows that indeed, only even-l reflections are present for the CdTe/GaAs
substrate and only (004) reflection for a-Sn is present, confirming the diamond cubic
structure. The B-Sn has a tetragonal unit cell, for which h? + k? + 12 needs to be even. In the
range presented in Figure 4.17 (b), the allowed reflections of 3-Sn are (002) and (101).
Indeed, two 3-Sn maxima are visible, and no reflections from a-Sn are present, as expected.

Greater Bragg reflection angles provide better separation of close situated peaks. Figure 4.18
shows more detailed XRD measurements of the 150 nm thick a-Sn epilayer. In image (a), a
wide-range 20-w scan, including (008) reflection, is presented. Image (b) shows high
resolution XRD in the vicinity of (004 ) reflection. The presence of thickness fringes proves the
high quality of the «a-Sn, that is, the epilayer grown on the CdTe is flat and has a uniform
thickness. The XRD spectrum (purple) is also in agreement with a simulated spectrum
(green). Image (c) shows (008) reflection of a-Sn and CdTe, which is better resolved than at
(004) reflection. Figure 4.18 (d) and (e) show (206) asymmetric RSM in full and zoom-in
range, respectively, with labelled position of CdTe (green triangle) as well as real strained
(pink square) and expected relaxed (grey circle) a-Sn maxima. From the XRD asymmetric
RSM shown in Figure 4.18 (e), the in-plane (a;) and out-of-plane (a.) lattice constants can be
determined using Equations (3.10) and (3.11), respectively, as described in
Section 3.3 X-ray diffraction. Using known values of elastic constants, the values of strains,
as well as the unstrained lattice constant ao can be determined. The elastic constants are
measured by applying strain to a material in a controlled manner and are known with high
precision for most materials. For the diamond cubic structure, there are three constants: Ci,
C12, and Cas [159] and for a-Sn these are equal: C11 = 69 GPa, C12 = 29.3 GPa, C44 = 36.2 GPa

[160]. These elastic constants were used to calculate Poisson’s ratio v = c C:ZC = (0.298, as
11 12

Z'CIZ

well as parameter k = = 0.849, which is used in calculation of the unstrained lattice

11

constant ao (see Equation (4.3)). The Poisson’s ratio and the parameter k are related by: k =
2V
1-v'

_aL+ k'a"

= 4.3
Ao k+1 (43)
The in-plane (g;) and out-of-plane (g.) strains are calculated using:
B
S" - ao (4'4)
a, —a
g, =+ "0 (4.5)




80 Chapter 4 MBE growth and structural characterisation of the samples

10*
103 -.( ) ;.
&102 3 g < S " b
PPl s =1 =) 50 F ]
E 10" o g = =3 I
(5] A
ch 10° o S g ‘52 I ]
= 3| & (206)
~ 1014 E
102 T . v 4 AN
20 40 60 80 100 120 /140 2/ 195 19
20 - w (degree) // ] Qpi00y [1/A] \
_! T T T T
L L L N
102_ (C) I | 6% (e)
)
f | 2] -
08 [l lcdte | <5 .
10'- = |
= o® " ®a-Sn
2 ol i/ relaxed |
10 o &
®F «-Sn o
trained
107! —— r : . : . straine g
58 59 60 61 62 140 142 144 146 148 -1.945 -194 -1935 -193
20 - w (degree) 20 - w [degree] Quuoo [1/4]

Figure 4.18: Structural investigation of a-Sn epilayers by XRD. (a) Wide range 26-w scan of a 150 nm
Sn/CdTe/GaAs (001) film. (b) (004) reflection HR-XRD pattern of 30 nm Sn film with thickness fringes,
experimental and simulated curves are marked with purple and green lines, respectively. (c) (008) XRD
patter for the same film as (a) showing resolved grey-Sn and CdTe peaks. (d, ) (206) asymmetric RSM for
(a) film, in (e) dark blue dashed relaxation triangle, calculated with Poisson’s ratio v=0.298, is shown,
positions of CdTe and fully relaxed and fully strained a-Sn are represented with green triangle, grey circle
and pink square, respectively. Measurements performed by V.V. Volobuev. Data presentation by
V. V. Volobuev and B. Turowski. Samples V13 (a, ¢, d, €), V3 (b).

Lattice constants and strains calculated using equations described above are shown in
Table 4.9 below.

Table 4.9: Grey tin 150 nm film parameters from XRD measurements shown in Figure 4.18 (d, e).
Sample V13

Material ~ Reflection Q« [1/A] Q. [1/4] ar[A]  ar[A]  a[A]  &[%] e [%]
CdTe (206) 1.938925  5.8144242 6481 6484 6482  -0.02 0.02

Sn (206) 1.939120 5.8022105 6.481 6.497 6.490 -0.14 0.12

Obtained ao = 6.490 A and is in close agreement with the unstrained lattice constant of a-Sn
previously reported in the literature [90], namely a = 6.4897 A. Calculated strains show that
a-Sn layer grown on CdTe is compressively strained in-plane by -0.14% The in-plane strains
induce tetragonal distortions, which are prerequisite for the DSM phase [87] (see
Figure 2.9 (c)).
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4.5 Epilayers growth summary

Pb1xSnSe (111) epilayers grown on cleaved BaF; in two different MBE systems equipped
with elemental and compound sources were compared. RHEED patters recorded during
growth show high quality of the layers, regardless of the MBE system. The AFM shows that
the obtained epilayers are qualitatively and quantitatively similar, as the same spiral step
structure is present and the spiral size is comparable. The XRD investigation reveals the
presence of only the (111) phase in both cases. The results obtained allow for a conclusion,
that both elemental and stoichiometric compound sources can be used for epitaxial growth of
high structural quality (111) PbixSnxSe epilayers. This result is important because it paves
the way to nanostructures grown with elemental sources that have higher purity as compared
to those grown from binary sources. This, in turn, should allow for better control of carrier
concentration in the V-1V TCI, since background doping due to the residual dopants could be
reduced.

The experience I gained when participating in the growth of the epilayers in the PREVAC 190
system was used for further growths in the Veeco GENxplor GM#2 system. Multiple growths
were carried out in the newly launched MBE system to obtain epilayers of very high quality,
allowing for ARPES studies. The quality of the thin films was confirmed by RHEED, AFM, XRD
and EDS measurements, proving that I can grow Pb1.,Sn,Se epilayers by MBE on both cleaved
and polished (111) BaF; substrates. [ made an important contribution to the launch of this
new GENxplor MBE system. The culmination of the acquired skills was the growth of ultra-
thin Pb1.xSnySe epilayers that are currently studied in the MagTop Group of Characterisation
and Processing (ON6.3).

[ also participated in growth of grey tin thin films on hybrid CdTe/GaAs (001) substrates.
Structural characterisation of the samples proves their high quality and the presence of the
intended in-plane compressive strain. Such strain is the prerequisite of the Dirac semimetal
phase, which was studied later by ARPES, as discussed in Section 5.4.

In addition, I have written a Python script (see Section 3.2.1) that makes the understanding
of the RHEED of the grown films easier by facilitating the analysis of the recorded patterns
both in real time and after growth.
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ARPES studies of Pb1.xSnySe and a-Sn
epilayers

In this chapter, Angle-Resolved Photoelectron Spectroscopy (ARPES) and Core Levels (CL)
studies of PbixSnxSe and «a-Sn, as well as Spin Resolved ARPES (SR-ARPES) studies of
Pb1xSnxSe samples will be presented. First, the deposition of transition metal on the surface
of (001) and (111) Pb14Sn,Se is discussed. Next, a spin polarized study of (111) Pb1.xSn,Se is
presented. Finally, the band structure of compressively strained a-Sn grown on hybrid
insulating CdTe/GaAs (001) substrates is presented. The samples discussed in a given section
are listed in a table at the beginning of the section, with names used in the thesis. The lists of
all samples relevant to this thesis are presented in Appendix B.

ARPRES and CL studies of Pb14SnySe samples were conducted during two URANOS (former
UARPES) beamtimes at the SOLARIS Synchrotron Centre:

1) “2D Ferromagnetism Induced by Topological Surface States” by V.V. Volobuiev and
T. Hyart;

2) “Strain induced phase transition from topological insulator to Dirac semimetal in grey
tin epilayers grown on insulating substrates” by V.V. Volobuiev and T. Wojtowicz.
During this beamtime, additional Pb1+SnySe samples were measured in spare time.

ARPES and SR-ARPRES studies of Pbi4Sn,Se samples were conducted during two PHELIX
beamtimes at the SOLARIS Synchrotron Centre:

3) “Spin resolved ARPES through topological transition in PbSnSe (111) epilayers” by
V.V. Volobuiev;

4) “Spin texture in topological crystalline insulators with Dirac-Rashba energy spectrum”
by V.V. Volobuiev, T. Wojtowicz and G. Springholz.

ARPRES and CL studies of a-Sn were the main research topic of 2) beamtime.

[ participated in all ARPES and CL measurements and data analysis of Pb14Sn,Se and a-Sn
epilayers during 1) and 2) beamtimes, as well as in initial ARPES and SR-ARPES
measurements during 3) beamtime, which were conducted to familiarise with the PHELIX
system. Samples G7, G15, G16, G20, and G28 were studied during these sessions. I was
involved in the data analysis of all samples studied at the PHELIX end-station, including
samples studied during 4) beamtime. I prepared all the data for the presentation.
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V. V. Volobuiev, R. Rudniewski, and A. Kazakov were involved in ARPES and SR-ARPES
measurements. The ARPES and PHELIX end-stations staff helped with data acquisition.
Details about these two end-stations are provided in Appendix A: URANOS beamline.

5.1 Deposition of TM on (001) Pb1.xSnxSe

Surface states (SS) were predicted to exist on the (001) surface of Topological Crystalline
Insulator (TCI) [35]. Their presence was studied by ARPES in the SnTe [50], Pb1«SnsTe [53],
and PbixSn,Se [10] systems. The bulk gap of Pb1.xSnxSe is located at four equivalent L (111)
points on the hexagonal faces of the 3D Brillouin zone (3DBZ) [82]. The topological surface
states on the (001) surface come from two L points, at the top and bottom of the 3DBZ (see
Figure 2.4 (b)), that project to X point of 2D Brillouin zone (2DBZ). The band structure
consists of double Dirac cones (DC), which are located next to each other and their Dirac
points (DP), formed by Topological Surface States (TSS), are separated in the k-space by Ak
[161]. Another possible description of the band structure assumes the separation of double
DCs in energy with the DPs separated by AE [162, 163] and located at X point at k; = 0. Here,
the first approach is used. Figure 5.1 shows the schematic band structure near the X point of
the (001) surface of Pb1«Sn,Se. In image (a), double DCs at X point are shown. The DPs are
located along I' — X — T direction and are protected by the mirror symmetry of the {110}
plane. In image (b), (001) 2DBZ is shown, with Fermi surface of four double DCs in high-

symmetry X; and X, surface points.

(a)

Figure 5.1: Schematic picture of the TSS at (001) surface of Pb1xSnxSe. (a) Two Dirac cones located at
X point of 2DBZ separated in k-space in ' — X — T direction. (b) Fermi surface of (001) 2DBZ with {110}
mirror symmetry lines (solid black), and I and X surface points depicted; Dirac points (DP) are not located
at the Fermi surface and are shown for reference.

Since both TCI and Topological Insulators (TI) are predicted to host TSS on some of their
surfaces, it is important to verify the existence of similar effects in both classes of topological
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materials. The presence of the helical spin texture of the TSS in TIs [164, 165] makes them
interesting in terms of applications in spintronics, such as spin-to-charge conversion [166]
and magnetisation switching via spin-orbit torque [167]. More detailed discussion about this
topicis provided in Ref. [168]. These effects are observed in systems with magnetically doped
TIs [169, 170] and in TIs interfaced with magnetic materials [171]. Given this fact, the band
structure at the interface of TI and magnetic metal (MM) is of particular interest not only from
the point of view of fundamental research, but also for possible applications in spin-orbitronic
devices [172]. The (001) surface of Pb1xSnxSe was shown to host spin-polarized TSS [8], and
thus a study of MM surface doping would broaden general knowledge in this regard. To date,
research on trivial/topological heterostructures of TCI has focused on evolution of the band
structure near X surface point of (001) Pb14SnsSe [163] or Pb1xSnxSe quantum well systems
grown in the (111) direction [173, 174]. Here, transition metal (TM) was deposited in a
submonolayer (ML) amount on the surface of (001) Pbo.74Sno.2¢Se TCI in order to study the
evolution of the band structure at the TCI/TM interface, which was previously explored in
(111)-oriented TIs [43, 44, 118]. Another goal was to verify the theoretical predictions of
topological band gap opening at (001) surface due to the surface doping of TCI with magnetic
impurities [148]. Such doping was theorised to induce 2D ferromagnetism resulting from the
lowering of electronic energy by spontaneous breaking of a crystalline symmetry [148, 175].
Breaking this symmetry results in the opening of the TSS gap [24, 176].

As the (001) plane is the natural cleavage plane of the bulk Pb1.xSn,Se crystals, the presence
of TSS was extensively studied on this surface [8, 10, 161, 177], but very little research was
done on thin films. Given the fact that modern electronic devices are heavily dependent on
thin layer heterostructures [3, 167], the study of (001) Pb1.xSnxSe thin films provides valuable
insight that could lead to possible device applications of this material. For this reason,
Pb14Sn,Se grown by Molecular Beam Epitaxy (MBE) was studied here.

5.1.1 Manganese deposition

The depositions of manganese (Mn) TM were performed on the (001) surface of Pbo.74Sno26Se,
according to the deposition schema described in Section 4.2.4. After each deposition, ARPES
spectra near X point were recorded. Details of the sample studied are given in Table 5.1.
Figure 5.2 shows the evolution of ARPES spectra of the (001) Pbo.74Sno26Se epilayer (sample

R1) near the X point, caused by the deposition of various amounts of Mn.

Table 5.1: (001) Pb1xSnxSe sample studied under Mn deposition.

Sn content Thickness ) . .
name code substrate Studied by  Aim of presentation
[%] [nm]

ARPES, Mn Decrease in k; distance

R1 MBE_3431B KCl 26 50 g
deposition of double DC
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Figure 5.2: Evolution of the ARPES spectra of the (001) Pbo.74Sno2¢Se epilayer near the X point with
Mn deposition. The decrease in the ky distance of double DC caused by Mn deposition is clearly visible.
Photon energy Eph = 17.2 eV, measurement temperature 8 K. Sample R1.

The initial deposition of 0.1 ML Mn (Figure 5.2 (b)) causes a significant change in the Fermi
energy, visible by the downward shift of the energetic position of the Dirac points (Ep).
Further deposition of Mn, as given in Table 5.2 and shown in Figure 5.2 (c)-(f), results in a
smaller upward shift of Fermi energy (Er). The change of the Fermi level occurs due to the
electron doping of the surface and was also observed in TI systems [43, 44]. Another
noticeable effect is a change in the distance in the k-space between two DPs. Initial deposition
of 0.1 ML Mn effects in the most pronounced change in the separation of DCs. A further
increase of the Mn thickness leads to a further decrease of the k-space DCs distance, but to a
lesser degree. The separation of DPs in the k-space (Ak) and the position in energy in relation
to the Fermi energy, Er - Ep, are presented in Figure 5.3 and Table 5.2. In 2018, Polley et al.
[163] reported a similar effect in (001) Pbo7Sno3Se covered with an increasing amount of
PbSe. Their conclusion was that the wave functions of the double DCs are dephasing, which
causes a decrease in their separation in the energy. Another possible explanation is a change
in the surface composition of the sample due to surface doping. In 2013, Tanaka et al. [178]
reported a decrease in the k-space separation of double DCs near the X point of (001)
Pb1.4Sn,Te with the decrease in xsn» content, which is equivalent to shifting the sample towards
less topological composition. We interpret our data that by the deposition of Mn on the
surface of the sample, the surface composition changes toward a trivial phase. This
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explanation is consistent with our recent publication [15] and is discussed in more detail in
Section 5.3.5.
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Figure 5.3: Influence of submonolayer TM deposition on the band structure of (001) Pbo.74Sno.26Se,
with applied eye guidelines. Data details are given in Table 5.2. Sample R1.

Table 5.2: Influence of submonolayer Mn deposition on the (001) surface of Pbo.74Sno.26Se. The values
were obtained from band fits of the ARPES spectra. The estimated Mn thickness deposition erroris 0.01 ML.

Mn deposition [ML] 0 0.1 0.2 0.3 0.4 0.6

Er-Ep [eV] -0.084 -0.173 -0.181 -0.191 -0.194 -0.186

Ak [1/A] 0.056 0.044 0.040 0.040 0.036 0.034
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Figure 5.4: Constant energy contours of (001) Pbo.74Sno26Se (sample R1) epilayer near X point. (a)
Stacked CEC after 0.2 ML Mn deposition. (b, c, d, €) Evolution of Dirac points (left) and Fermi surface (right)
with 0, 0.1, 0.2, 0.4 ML Fe, respectively, deposited on the surface of the sample. Photon energy Epn = 17.2 €V,
measurement temperature 8 K. Sample R1.
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Figure 5.4 shows the constant energy contours (CEC) extracted from the 3D ARPES maps
recorded after consecutive 0 - 0.4 ML Mn depositions. A quantitative change in the ARPES
spectra is observed in the Ep shift and the decrease of the k-space separation Ak of the DPs
(Figure 5.4 (b)-(e), left), as discussed above, but the band structure remains qualitatively the
same Figure 5.4 (c)-(e)). The constant energy contours presented in image (a) show a
change in the band structure that evolves from a pair of adjacent, overlapping rings to two
DPs separated in k-space in T — X — T direction. Such change of the band structure that occurs
at the Fermi surface by lowering the Er [162, 179, 180] is called a Lifshitz transition [181].
Image ((b), right) of the pristine sample shows the Lifshitz transition point [182] close to Er.
Initial deposition of the Mn (image ((c), right)) moves the Fermi energy upward, above the
transition point, and pair of adjacent rings with centres at the same distance from the X point
forms the Fermi surface [162].

5.1.2 Summary

ARPES measurements of high quality n-type (001) Pbo.74Sno.2¢Se, evidenced by sharp features
of the ARPES spectra, were carried out at the URANOS beamline at SOLARIS Synchrotron,
Krakow, Poland. During the experiments, band structure near X surface point was studied
with exciting photon energy of 17.2 eV at a temperature of 8 K. The deposition of a
submonolayer amount of Mn leads to a change in the separation of double DCs, which can be
attributed to the dephasing of their wave functions [163] or a change in the surface
composition of the sample toward more trivial. Based on additional experiments presented
in Section 5.3.4 we believe that the second interpretation is correct. The Lifshitz transition
point [182] close to Er was observed for the pristine sample.

5.2 Deposition of TM on (111) Pb1.xSnxSe

The (111) surface of the TCI is another one on which TSS exist [24]. Their presence was
predicted in Pb1.xSnxTe [54, 180] and studied in the SnTe [139] and Pb14Sn\Se [79] systems.
The DPs correspond to the projection of the bulk L (111) points onto a different, time-reversal
invariant, momentum at I and each of M high-symmetry surface points of (111) 2DBZ (see
Figure 2.4 (c)). The band structure consists of a DC with TSS crossing at the DP, as presented
in Figure 5.5 (a). Image (b) shows a schematic of the Fermi surface of the (111) surface, with
the positions of all DCs in high-symmetry surface points, and the {110} mirror plane,
responsible for mirror-symmetry protection of the surface states.

The effect of surface doping with transition metals (TM) was studied in TI [43, 44, 118], but
this field is still unexplored in TCI, as mentioned in Section 5.1. Theoretical predictions report
that magnetic impurities on the TCI surface effect in opening of the band gap [148, 149] on
(111) surface. Similarly to the (001) surface study, the (111) surface of Pbi4SniSe was
examined here to verify these predictions. Another goal was to study the evolution of the band
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structure of (111)-oriented TCI near T surface point, as Rashba effect [39] was reported on
the (111) surface of TI [43, 44, 118]. Additionally, the band structure near M surface point
was initially examined, but was not further investigated because of technical difficulties.
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Figure 5.5: Schematic picture of TSS at (111) surface of Pb1xSnxSe. (a) Dirac cone consisting of TSS (red
and blue lines) is located at I'and each M point of 2DBZ. (b) Fermi surface of (111) 2DBZ with {110} mirror
symmetry lines (solid black), Dirac points (DP), and ' and M surface points depicted.

The (111) surface is most often obtained by the MBE growth [9, 99, 147], but it is challenging
to cleave rock-salt bulk crystals along the {111} plane [139, 183]. Here, the MBE grown (111)
Pb1.4Sn,Se was studied under the influence of the deposition of Mn and Fe on the surface. The
details of the samples studied are given in Table 5.3. First, the temperature-dependent
topological transition and band structure of (111) Pb1.4xSnySe near I point is presented. Then,
features of the band structure near I' surface point are described to facilitate understanding
of the presented ARPES spectra. Next, the deposition of Mn and Fe at room temperature (RT)
on the surface of the Pb1.xSniSe is discussed. Finally, the core level data of samples with
deposited Fe are presented. The chapter ends with a summary of all the work done.

Table 5.3: Discussed Pb1.xSnxSe (111) epilayers studied at the URANOS beamline.

name code substrate Sn content [%] Thickness [um] Deposited TM  Sample type
R2 MBE_3440A BaF: 30 1 Mn n-type
R3 MBE_3440B BaF: 30 1 Mn p-type
R4 MBE_3426A BaF: 25 1 Fe n-type
R5 MBE_3426B BaF: 25 1 Fe p-type
G3 GM2_070920A BaF: 26 1 Fe n-type
G4 GM2_110920A BaF: 30 1 Mn n-type
G5 GM2_140920A BaF: 30 1 Mn+Fe n-type
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5.2.1 Band structure near I' point

In order to verify the topological properties of the studied samples, ARPES spectra were
recorded at three different temperatures. Figure 5.6 shows the temperature-dependent
topological transition in pristine Pbo.7Sno3Se. In image (a), the normal insulator (NI) phase is
shown, with well-resolved conduction and valence bands, separated by the 68 meV gap.
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Figure 5.6: Topological transition in pristine (111) Pbo.70Sno30Se recorded near T point. (a) Trivial
phase. (b) and (c) Topological phase. Photon energy Epn = 18 eV. Sample G4.

As the temperature is decreased, the sample undergoes the transition to the TCI phase
(images (b) and (c)) with TSS crossing in the bulk band gap. The result that at 300 K the
sample is in the NI phase is quite unexpected, since at this temperature, according to semi-
empirical Preier’s formula [68], Pb1.xSnxSe with xs, = 0.30 should already be in the TCI phase;
see Figure 2.8 for the band gap dependence. The presence of the band gap (image (a)) is most
likely connected to a small amount of Mn deposited in GM#2 prior to ARPES measurements
(see Section 4.2.4). An explanation of this phenomenon is proposed in Section 5.3.4.

5.2.2 Dirac-Rashba states near the T point

The conduction band of the (111) Pb1.xSnySe near I point after deposition of Fe on the sample
surface undergoes splitting in momentum space (see Figure 5.7 (d)). This effect is called
Rashba splitting [39] and was previously reported in other TCI system, namely in the valence
band of bismuth bulk doped Pb1.xSn<Te [83]. To facilitate discussion of the obtained ARPES
spectra, the following procedure is employed, shown in Figure 5.7 (a)-(c) and described
below. This figure (Figure 5.7) shows the band structure of (111) Pbo.74Sno26Se epilayer near
I point after deposition of 0.4 ML Fe. First, the 2D curvature of the raw spectra is calculated
(image (b)). Background noise is removed only for the purpose of presentation of the spectra
(images (@) and (c)). Then, TSS are fitted according to Equation (3.22). The Rashba spectrum
(RSS - Rashba surface states) is fitted according to Equation (3.26). The described fitting
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procedure does not take into account the hybridisation of the TSS and RSS. Hybridisation
between surface states manifests itself in decreased energy distance or in the overlap of the
Kramer point (KP) and the DP, which are crossing points of RSS and TSS, respectively, as
shown in Figure 5.7 (b) and (c).
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Figure 5.7: ARPES spectra of Pbo.74Sno2¢Se near I’ point with 0.4 ML Fe deposited on the surface. The
Kramer (KP) and Dirac (DP) points, as well as Rashba (RSS) and topological (TSS) surface states, are
labelled. (@) ARPES spectra with background noise removed. (b) 2D curvature of raw (a) spectrum. (c)
Spectrum (a) with overlapped TSS and RSS guidelines. (d) Schematic image of Rashba splitting with KP and
DP labelled. Sample G5.

5.2.3 Manganese deposition

Mn deposition was performed on (111)-oriented Pb1.xSnxSe to verify theoretical predictions
[148] of the TSS gap opening on both (001), presented in Section 5.1, and (111) surfaces to
broaden the understanding of the proposed effect.

Figure 5.8 and Figure 5.9 show the evolution of the electronic structure of n-type and p-type
(111) Pbo7oSnozoSe (samples R2 and R3, respectively) after Mn deposition. Both samples
demonstrate TCI spectra in pristine condition (images (a) and (a)). The Fermi energy lies in
the conduction band (CB) for n-type samples and in the valence band (VB) for p-type samples.
The broad bands from the bulk states, labelled BS, are present inside the TSS cone. The
pristine n-type sample (Figure 5.8 (a)) shows Rashba splitting in VB. This may be caused by
the presence of residual gas adsorbate on the sample surface [184-186] or bulk bismuth (Bi)
doping used to tune the Fermi level and obtain an n-type sample. Bulk Bi doping was shown
to induce Rashba splitting in VB of (111) PbSnTe [83]. Another possible explanation is
excessive Se on the sample surface [174]. Considering the fact that samples R2 and R3 were
covered by amorphous Se re-evaporated in the preparation chamber of the URANOS end-
station, the latter case is most probable. The deposition of 0.1 ML (image (b)) Mn results in
an upward shift of Er in both samples [43, 44], consistent with the results for (001) surface
and the results for (111) surface near M point after of Fe deposition (see Figure 5.19 and
relevant discussion). Further deposition of Mn leads to the separation of states in momentum
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in CB, which is evidence of Rashba splitting. With increasing Mn deposition, the splitting
increases and finally saturates.
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Figure 5.8: ARPES spectra of the n-type (111) Pbo.70Sno30Se epilayer near the T point with increasing
Mn deposition. Sample R2. Photon energy Eyn = 17.2 eV, measurement temperature 80 K. Sample R2.

Additionally, well-resolved quantum levels (QL) from the 2D electron gas (2DEG), appear
after 0.2 ML total Mn deposition (image (c)) and become increasingly visible with the amount
of TM on the surface of the sample, as presented in images (d)-(f). The 2DEG state undergoes
a splitting in momentum [44, 187], giving rise to bands visible between TSS and RSS in images

(d)-(9).

The Rashba splitting saturation effect is presented in Figure 5.10 with a solid eye guideline
(circle marker). Similarly, the upward Er shift also saturates (see the dashed eye guideline,

square marker).
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Figure 5.9: ARPES spectra of the p-type (111) Pbo.70Sno30Se epilayer near the T point with increasing
Mn deposition. Photon energy Eph = 17.2 eV, measurement temperature 80 K. Sample R3.

The Rashba coefficient ar obtained from band fitting using Equation (3.26), as well as the Er
shift defined as the change of the position of DP in energy in relation to the Fermi energy,
Er - Ep, are presented in Table 5.4.
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Figure 5.10: Influence of submonolayer Mn deposition on the (111) surface of Pbo.70Sno.30Se, with eye
guidelines applied. Data details are given in Table 5.4.
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Table 5.4: Influence of submonolayer Mn deposition on the (111) surface of Pbo.70Sno.30Se. Rashba
coefficient a is obtained using Equation (3.26). The estimated Mn thickness deposition error is 0.01 ML.

R2 R3
Mn deposition [ML] Er - Ep [eV] o [eV-A] Er - Ep [eV] o [eV-A]
0 -0.028 0 0.060 0

0.1 -0.150 1.46 -0.111 1.56

0.2 -0.164 2.52 -0.126 2.75

0.3 -0.167 3.05 -0.128 3.36
0.4 -0.172 3.36 -0.132 3.51

5.2.4 Iron deposition

In order to check the influence of the deposition of other TM on the surface of (111)
Pb14Sn,Se, Fe deposition was performed. It was done to check, if the obtained effect is
Mn-specific or if it may be generalised to the deposition of a TM on the surface of Pb1.xSnxSe.
The first experiment was done during the same beamtime as Mn evaporations (samples R4
and R5 in Figure 5.11 and Figure 5.12, respectively). The samples were covered with
amorphous Se re-evaporated in the preparation chamber of the URANOS end-station. The
influence of Se on ARPES spectra is visible in Figure 5.11 (a) in the form of RSS in VB and was
explained in Section 5.2.3 discussing Mn deposition on (111) surface.

The results obtained for Fe deposition are consistent with those obtained for Mn deposition.
The spectra of n-type and p-type samples are qualitatively similar both in the pristine state
(images (a) in Figure 5.8 to Figure 5.12) and after the TM deposition. BS are well visible in
the TSS cones. For the n-type sample (Figure 5.11) RSS in VB, whose origins are proposed in
the previous section, disappear after the initial deposition of the TM.
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Figure 5.11: ARPES spectra of the n-type (111) Pbo.7sSno2sSe epilayer recorded near T point, with
increasing Fe deposition. Photon energy Epn = 17.2 eV, measurement temperature 80 K. Sample R4.

A further increase in Fe thickness leads to an upward shift of the Er and emergence of RSS and
QL in CB, with momentum splitted 2DEG state between TSS and RSS. It is important to note
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that contrary to the n-type sample (Figure 5.11), the initial amount of 0.05 ML Fe is enough
to cause Rashba splitting in the p-type sample (Figure 5.12 (b)).
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Figure 5.12: ARPES spectra of the p-type (111) Pbo.7sSno2sSe epilayer recorded near T point, with
increasing Fe deposition. Photon energy Eph = 17.2 eV, measurement temperature 80 K. Sample R5.

The second experiment was carried out during 2) beamtime at the URANOS beamline at the
SOLARIS Synchrotron. The samples were transported to the preparation chamber of the end-
station in an ultra-high vacuum (UHV) suitcase, without air exposure. A small amount of TM
was deposited in-situ MBE on the surface of these samples; see Section 4.2.4
Deposition of TM for the details. The samples presented were doped with Bi in the 0.03-
0.09% range to tune Erand shift it upwards to CB. The depositions were carried out in steps
of greater thickness to study the influence of greater amounts of TM deposited on the surface
of Pb1.xSn,Se. They also allowed a comparison of the surface quality of the Pb1Sn,Se with and
without an amorphous Se cap. Samples G5 and G3 do not show a significant change of Er after
the initial deposition of Fe (Figure 5.13 (b) and Figure 5.14 (b), respectively). This is likely
connected to high amount of Bi used for n-type doping, as Er is already so high that carriers
provided by the TM do not affect it and further doping by TM surface deposition [43] is
limited. A further increase of the amount of deposited Fe leads to similar effects of the Rashba
splitting and the Er change saturation, as well as QL formation and momentum splitted 2DEG.
Deposition of 0.3 ML and more of Fe causes a significant increase in background noise signal.
This can be caused by deterioration of the surface quality of the examined epilayer. Other
possible explanation of this effect is discussed in more detail in Sections 4.2.4 and 5.3.4, as
it is more relevant in that case.
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Figure 5.13: ARPES spectra of the n-type (111) Pbo.70Sno30Se epilayer recorded near T point, with
increasing Fe deposition. Spectra (c) and (d) are presented with the background signal subtracted. Photon
energy Eph = 18 eV, measurement temperature 80 K. Sample G5.
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Figure 5.14: ARPES spectra of the n-type (111) Pbo.74Sno2eSe epilayer recorded near T point, with
increasing Fe deposition. Spectrum (d) is presented with the background signal subtracted. Photon energy
Eph = 18 eV, measurement temperature 80 K. Sample G3.

Figure 5.15 shows the Rashba coefficient (a, solid lines, circles) and the Fermi energy shift
(Er-Ep, dashed lines, squares) for samples with Fe deposited on the surface. Although sample
G3 (magenta) had Er in CB prior to Fe deposition at the URANOS end-station (was n-type;
Figure 5.14 (a)), it follows trends similar to the p-type R5 sample (dark purple). Its zero Fe
thickness points (magenta square and circle) are shifted slightly left with respect to the
purple guidelines (dashed and solid, respectively). This suggests that there was a small
amount of Fe (less than 0.05 ML, estimated from the shift) on the surface of the sample. This
leads to the conclusion, that sample G3 was initially p-type but Fe deposition in the GM#2
system (see Section 4.2.4) shifted Er upwards to CB. In n-type samples, namely R4 and G5,
the change of o with the Fe thickness is similar ( and dark yellow, respectively), as it
increases and saturates. The lack of an initial upward shift of the Fermi energy (equivalent to
a downward shift of Er-Ep) in the case of sample G5 can be caused by the high amount of Bi
used for n-type doping since further deposition of TM does not cause further Er change.
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Figure 5.15: Influence of submonolayer Fe deposition on (111) surface of Pb1xSniSe, with eye
guidelines applied. Data details are given in Table 5.5 and Table 5.6.

Table 5.5: Influence of submonolayer Fe deposition on the (111) surface of Pbo.75Sno.25Se with Se cap
re-evaporated. Rashba coefficient o is obtained using Equation (3.26). The estimated Fe thickness
deposition erroris 0.01 ML.

R4 R5
Fe deposition [ML] Er - Ep [eV] o [eV-A] Er - Ep [eV] o [eV-A]
0 -0.058 - 0.063 -
0.05 -0.157 - -0.109 1.51
0.1 -0.165 1.74 -0.122 2.28
0.2 -0.166 1.90 -0.122 2.47

Table 5.6: Influence of submonolayer Fe deposition on the (111) surface of PbixSnxSe. Rashba
coefficient a is obtained using Equation (2.13). The estimated Fe thickness deposition error is 0.01 ML.

G3-26% Sn G5-30% Sn
Fe deposition [ML] Er-Ep [eV] o [eV-A] Er - Ep [eV] o [eV-A]
0 -0.097 1.16 -0.146 -
0.1 -0.117 2.24 - -
0.2 -0.116 2.65 -0.142 1.95
0.3 -0.118 2.75 - -
0.4 - - -0.140 2.33
0.6 - - -0.137 2.43

Figure 5.16 (a) shows the CECs extracted from the 3D ARPES map recorded after 0.2 ML Fe
deposition. The surface states are arranged in concentric circles, which is consistent with the
aforementioned claim of RSS emergence. There is no change in CECs bands shape.
Figure 5.16 (b)-(d) and Figure 5.17 show the evolution of Fermi surfaces with Fe
deposition.
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Figure 5.16: Constant energy contours maps of (111) Pbo.70Sno.30Se (sample G5). (a) Stacked CECs after
deposition of 0.2 ML Fe. (b, ¢, d) Fermi surface maps with 0, 0.2, 0.4 ML Fe, respectively, deposited on the
surface of the sample. (c) and (d) images on the right show 2D curvature of the respective CEC. Photon
energy Eph = 18 eV, measurement temperature 80 K. Sample G5.
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Figure 5.17: Fermi surface maps of (111) Pbo.74Sno.2¢Se with 0 and 0.1 ML Fe, (a) and (b), respectively,

deposited on the surface. (c) 2D curvature of (b). Photon energy Eyn = 18 eV, measurement temperature
80 K. Sample G3.

To establish the nature of the states visible in the recorded spectra, the exciting photon energy
(Epn) dependent measurements were carried out in the range of 17 to 26 eV on the sample
with 0.2 ML deposited on the surface (Figure 5.18). Varying E,n is equivalent to varying the
k, momentum component of the electrons, perpendicular to the sample surface (see
Section 3.6 Angle-resolved photoelectron spectroscopy for an explanation). If states do
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not disperse with Eyn change, they are two-dimensional; if they do disperse, they are three-
dimensional. The bulk conduction band (BCB) and the bulk valence band (BVB) are most
pronounced at 18 eV (see image (b)). Significant dispersion is observed for bulk bands and
no change in the position of TSS and RSS is observed, proving their surface nature. The
observed dependence of the photoemission intensity of surface states comes from transition
matrix element effects [188] that cause oscillations of their intensity. The apparent lack of the
RSS in the spectrum taken with Epn=26€eV is due to removal of the background noise
combined with matrix element effects. Purple arrows (images (d) and (h)) point to a higher
intensity part of RSS present in both highlighted images.
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Figure 5.18: Photon energy dependence of Pbo.70Sno3oSe with 0.2 ML Fe deposited on the surface,
with BCB, BVB, RSS and TSS labelled. The purple arrows in images (d) and (h) point to the highest intensity
parts of RSS. Measurement temperature 80 K. Sample G5.

In addition to measurements of (111) Pb1.xSnySe near T point, spectra near M point were also
collected for sample R5 after Fe deposition and are presented in Figure 5.19. As expected, a
single Dirac cone, with TSS crossing in the bulk band gap, is observed (image (a)). Increasing
the amount of TM leads to a noticeable shift of the DP towards lower energies [43, 44], similar
to the results obtained for (001)-oriented samples after Mn deposition. The deposition seems
to give rise to a two-dimensional electron gas (2DEG) state that increases in prominence with
the amount of Fe on the surface of the sample. Such evolution of the spectra suggests that Fe
atoms first donate electrons to the sample, causing an Er change, and then they form the 2DEG
state [44] on the surface.
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Figure 5.19: ARPES spectra of the p-type (111) Pbo75Sno2sSe near M point, with Fe deposited on the
surface. Photon energy Eph = 17.2 eV, measurement temperature 80 K. Sample R5.

A similar effect has been reported in (001) BizSes TI near I’ point [189] due to the adsorption
of impurities on the surface. However, the Fermi surface near M point is highly anisotropic
and proposed explanation and description of the obtained band structure would require
studies that are more detailed. The URANOS beam-line end station did not have azimuthal
rotation available at the time of 1) and 2) beamtimes, which would have been crucial for
proper orientation of the sample in the case of anisotropic dispersion. Because of this and of
a relatively weak spectral density, no further measurements of Pb1.xSnsSe near M point were
carried out during 2) beamtime.

5.2.5 Initial theoretical model of Rashba splitting

To provide a better understanding of the observed effects, an initial model of Rashba splitting
on the (111) surface of TCI PbSe using density functional theory (DFT) [190] calculations was
developed by C. Autieri, G. Cuono, and R. Islam from the Group of Physics of Majoranas
(ON6.5) of International Centre for Interfacing Magnetism and Superconductivity with
Topological Matter - MagTop of the Institute of Physics PAN. The model assumes
compressively strained (by 2%) PbSe (111) in TCI phase [24] with Se terminated top surface.
The simulated slab had the thickness of 106 A (31 layers of Se and 31 layers of Pb) with 20 A
of vacuum on top and was asymmetric (Pb at the bottom layer, Se at the top layer) to introduce
inversion symmetry breaking that splits DPs at ' point coming from opposite simulated
surfaces. Sufficient film thickness is crucial to avoid overlap of the wave functions of the TSS
at the opposite film boundaries, which would result in energy gap opening [174]. A 3d metal
(with d-orbital electrons being chemically active) was used to reproduce the experimental
coverage by TM. It was found that the experimentally observed DP comes from the Se
terminated surface, and the observed Rashba effect comes mainly from the Pb layers close to
the surface but also form the deeper ones. Reproduction of Rashba splitting magnitude
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comparable to the experimental values was obtained for 3d metal coverage at top position
(TM atom located above Se atom; see Figure 5.20 (a)). The studied effect in PbSe is
influenced by the symmetry of the slab, by the surface termination, and by the structural and
electronic properties of the coverage. Figure 5.20 (b) shows the obtained surface resolved
band structure with the contribution of the bulk filled in red. The dark blue bands are not
visible in the experimental results, because they come from the bottom simulated surfaces.
The theoretical results obtained are qualitatively comparable with the ARPES spectra
obtained during the experiments (Figure 5.20 (c)).
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Figure 5.20: Initial Rashba splitting DFT model conclusions. (a) Se terminated (111) PbSe with TM in
the top position, i.e. above the Se atom. (b) Surface resolved band structure of an asymmetric slab covered
by the 3d metal in the top position; contribution of the bulk filled in red. (c¢) ARPES spectra of sample R2
with 0.4 ML Mn deposited on the surface. Dashed lines indicate the approximate energy range
correspondence between images (b) and (c). Initial (b) image by R. Islam with minor modifications by
B. Turowski.

5.2.6 Core level spectroscopy of (111) Pb1xSn,Se

Core level spectroscopy is a method accompanying ARPES studies [83, 138, 191] widely used
in order to determine the atomic composition of a sample. During 2) beamtime at the URANOS
beamline, core level studies on samples G3, G4, G5 were carried out with exciting photon
energy Epn of 90 eV at 80 K, with resolution of 0.05 eV. This excitation energy corresponds
energy of collected photons Exin = Epn - Eg, where Eg is the binding energy of the electrons. In
the presented Binding energy range the inelastic mean free path (IMFP) of electrons is less
than 10 A [124], with shorter IMFP at lower Eg. As a result, the recorded signal comes mostly
from the surface of the sample, which is important in the case of submonolayer deposition of
Fe on the sample.

Figure 5.21 shows CL spectra of Pbo70SnoseSe (G5) and Pbo.74Sno26Se (G3), images (a)
and (b), respectively. The red spectrum at the bottom of image (b) corresponds to pristine
Pbo.74Sno26Se. CL signals of only Pb, Sn, and Se are present in this case, proving high surface
purity.
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Figure 5.21: Core level spectra obtained with photon energy of 90 eV at 80 K for an increasing
amount of Fe on the surface of (a) Pbo.7oSno.30Se and (b) Pbo.74Sno.26Se. A strong shift of surface Sn and
Pb levels is observed by 1 eV and 0.74 eV, respectively. The black vertical dashed line indicates the expected
position of the metallic Fe peak. The solid grey lines indicate the positions of additional peaks emerging as
a result of Fe deposition. Samples G5 and G3, (a) and (b), respectively.

Table 5.7: Core level binding energies of Pb1xSnxSe and Fe. Values from the spectra presented in
Figure 5.21. Samples G5 and G3.

Level Binding energy Binding energy [eV]  Chemical shift [eV] Binding energy
[eV] Figure 5.21 [192] [eV] [193]

Pb5d3/2 21.17 20.7 0.47 21.2

Pb5d5/2 18.56 18.1 0.46 18.6

Sn4d3/2  25.61 24.9 0.71 25.6

Sn4d5/2  24.61 239 0.71 24.7

Se3d3/2  54.20 55.5 -1.3 Se 3d in SnSe: 53.7

Se3d5/2  53.36 54.6 -1.24 Se 3d in PbSe: 53.4

Fe3p1/2 - 52.7 - -

Fe3p3/2 - 52.7 - -

Table 5.7 shows the binding energies of the peaks of individual elements (including metallic

Fe 3p) obtained from the measurements compared to their binding energies reported in the
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X-ray data booklet by Lawrence Berkeley National Laboratory, University of California [192]
(see columns 2 and 3 of Table 5.7). Double peak structure is the effect of spin-orbit
interaction in a given element. The higher the Z number of an element, the greater the split
between the core levels of an atomic subshell.

The measured binging energies of elements in Pb1.xSnsSe differ from their elemental values
because they depend on the chemical environment of the given element. This shift is called
the chemical shift and occurs when the oxidation state of an atom changes by several
elementary charges [194] (column 4 of Table 5.7). The CL energy of an electron is
determined by its repulsive core Coulomb interactions with other electrons and the attractive
potential of the nuclei. If an atom is placed in a different chemical environment, its valence
charges undergo a spatial rearrangement and it is affected by different potential created by
the nuclear and electronic charges of all other atoms in the compound [194]. This leads to a
change of its CL energies. The obtained values of the binding energies agree quite well with
the values reported for Pb, Sn, and Se in PbSe and SnSe compounds [193] (see column 5 of
Table 5.7).

The initial deposition of 0.1 ML Fe (image (b), dark blue) does not result in the appearance of
expected Fe 3p peaks. Instead, an additional peak appears next to the Sn 4d peaks. Further
increase of total amount of Fe on the surface of the samples reinforces the new peak.
Simultaneously, the intensity of Sn 4ds,> decreases. A similar effect is observed for Pb 5d
peaks. At 0.2 ML total Fe thickness (image (a) and (b) green), two new peaks in lower binding
energies start to emerge (position of which is marked by vertical grey lines) and gain in
intensity with the increase of deposited Fe amount. At the same time, no signal at binding
energy corresponding to Fe 3p is observed (as marked by the black dashed vertical line), but
it can overlap with Se 3d peak due to chemical shift. This interpretation is supported by the
fact that the relative intensity of the Se peak, with respect to the Sn and Pb peaks, increases
with Fe deposition. In 2012 Scholz et al. [43] reported that in the case of small amounts of Fe
deposited on the surface of Bi,Ses; TI, the Fe core level 3p overlaps with the Se 3d peak.
Additionally, new peaks at lower binding energies were attributed to newly formed bonds
between Bi and Fe; thus, it was proposed that in the case of Se termination, new bonds
between Fe and Se could weaken the interlayer bonding of Se and Bi. In the case of Fe
deposited on the surface of Pb14Sn,Se, such bonds could be created between Sn and Fe and
Pb and Fe. If Se termination is assumed, the bonds between Pb and Se, and Sn and Se could be
weakened by new bonds between Se and Fe. Both situations result in a shift of CL peaks of Pb
and Se located at the surface, which occurs because of a change in their chemical environment
due to Fe deposition. The reported surface shift of Bi CL in Bi,Se; was ~1 eV [43] for both Bi
5d levels. Similarly, both additional Pb 5d levels, appearing after Fe deposition, are shifted by
similar energy (0.74 eV), and the additional Sn 4ds/; level is shifted by 1.03 eV. Since the spin-
orbit splitting of Sn 4ds,2 and 4ds,2 levels is 1 eV (see columns 2 and 3 of Table 5.7), it stands
to reason that an additional Sn CL appears after Fe deposition (shifted from 4ds/;) that
overlaps with the 4ds, level. It is supported by the fact that the intensity of 4ds,> CL does not
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change with subsequent Fe deposition, while the intensity of Sn 4ds;; and Pb 5d levels
decrease with the increase of the intensity of the additional CL. The binding energy values of
the Pb 5d and Sn 4d peaks, and additional peaks caused by Fe deposition, are given in
Table 5.8.

Table 5.8: Core level binding energies of surface levels of Pb and Sn after deposition of Fe on
Pbi1.xSnxSe surface form Figure 5.21.

Level Binding energy [eV] of Pb1xSnxSe  Binding energy [eV] of A Binding energy
CLs in initial state additional CL appearing [eV]
(before Fe deposition) after Fe deposition

Pb5d3/2 21.17 20.43 0.74

Pb5d5/2 18.56 17.82 0.74

Sn4d3/2 25.61 24.61 1.00

Sn4d5/2 24.61 23.58 1.03

5.2.7 Summary

ARPES measurements of high quality (111) Pb1.xSnxSe epilayers, evidenced by sharp features
of the ARPES spectra, were conducted in two separate beamtimes at the URANOS beamline at
SOLARIS Synchrotron, Krakéw, Poland. During the experiments, the samples were studied in
photon energy close to 20 and 90 eV and temperature in the range of 80 to 300 K. The
temperature-dependent topological transition was proved in the studied samples. The
deposition of Fe and Mn in the preparation chamber of the end-station was carried out to
verify whether magnetic impurity on the surface of the TCI would break the crystal symmetry
and lead to gap opening in the surface states. To date, no such research has been conducted
on (111) PbixSn,Se. Contrary to theoretical predictions [148, 149], no band gap opening of
the magnetic origin was observed, which is consistent with similar research focused on the
deposition of magnetic elements on the surface of the Bi>Se3 TI system [43, 44, 118]. Such a
gap opening would require fine-tuning of the Fermi energy close to DP [149], which is difficult
to achieve.

The deposition of both Fe and Mn transition metals on the (111) surface of Pb1.xSnxSe resulted
in the emergence of momentum-splitted, concentrically arranged states in CB attributed to
Rashba splitting. The observed Rashba parameter ag reached 2.5 - 3.5 eV-A, which is close to
the value reported for materials with giant Rashba splitting [195, 196]. Initial APRES
measurements of samples G3, G4, and G5 did not show Rashba splitting, although some small
submonolayer amount of Mn was deposited in-situ MBE in the GM#2 system. The samples
were stored in a UHV suitcase, with a base pressure of 10-11 mbar, for more than several days.
It is very likely that some contaminants present in the residual gas in the suitcase adsorbed
on the surface of the epilayers (see Section 3.1 for the explanation) influencing the purity of
the deposited Mn. Deposition of Fe in the preparation chamber of the URANOS beamline
resulted in Rashba splitting as described above. This interpretation is corroborated by the
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apparent shift in Fermi energy of the G3 sample, visible in Figure 5.14 (a), which follows
trends similar as p-type R5 sample, as shown in Figure 5.15.

The experimental results motivated theoretical calculations performed by the members of the
MagTop ON6.5 Group of Physics of Majoranas at [F PAN that qualitatively explain the obtained
data.

Core level spectroscopy proved the high purity of the grown epilayers, with only Pb, Sn, and
Se levels visible for the pristine sample. Deposition of Fe on the surface of Pb14SnxSe leads to
the emergence of additional peaks. The result obtained is consistent with previous literature
reports on Fe deposition on the surface of Bi;Ses TI in Ref. [43]. [t broadens the understanding
of the TCI / metal interface.

5.3 Spin polarization in (111) Pb1.xSnxSe

Helical spin polarization of surface states in 3D TIs makes them promising candidates for
efficient spin-charge converters [197, 198]. It has been demonstrated that a spin-orbit torque
(SOT) induced by spin polarized TSS can control magnetisation switching in TI/ferromagnet
heterostructures [5, 167, 199]. Since TCIs and TIs have similar topological surface states with
helical spin structure [8, 54], investigating their spin structure can lead to further
developments in the field of spintronics, such as finding new materials suitable for device
applications. One possible candidate are TI and TCI in the normal insulator phase. Their
helical spin texture, characteristic of the topological phase, has been shown to persist even
for the NI phase, [200] and [8] for (001) orientation, respectively. To date, no research of spin
polarization on both sides of the topological transition point has been done in (111) TCIL
Because topological protection in TCI comes from crystal symmetry [35], external
perturbations, such as manipulation of their crystal structure or lattice parameters, can be
used to induce the NI-TCI transition [9, 10, 99].

Taking into account the above, the aim of the research presented in this section was to study
the spin-polarized structure of (111) Pb1.xSnxSe by SR-ARPES across the topological transition
to verify, if spin polarization of the TSS would persist in the NI phase in this material. Another
objective was to study the spin polarization of the Dirac-Rashba energy spectrum emerging
after the submonolayer deposition of TM on the surface of (111) Pb14Sn,Se, as discussed in
Section 5.2. Surprisingly, no Rashba splitting was observed. Instead, a topological transition,
i.e. gap opening in Pb1xSn,Se in the TCI phase, induced by TM deposition, was revealed.

In this section, ARPES and SR-ARPES measurements, performed with p-polarized light
(electric field parallel to the plane of incidence) near I point in T — M direction, across the
topological transition in Pb14Sn,Se grown on BaF; (111) are presented for both pristine
samples and those with TM deposited on the surface. First, the in-plane and out-of-plane spin
polarization in the topological phase PbixSn.Se is discussed. Then, the in-plane spin
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polarization of TCI and NI Pb1..Sn,Se is compared. Next, the influence of annealing of a sample
on the ARPES and SR-ARPES spectra is presented. Then, the deposition of Fe on the surface
on the ARPES and SR-ARPES spectra is discussed. Finally, a topological transition induced by
the deposition of TM is shown. The chapter ends with a summary of all the results.

The results presented here were published in [15] and presented in part during the
5th [nternational Conference on Applied Surface Science (ICASS 2022) in the form of a
20-minute oral presentation. I did SR and normal ARPES measurements, as well as compiled
and prepared the data for presentation. The data presented were obtained during 3) and 4)
beamtimes at the SOLAIRS Synchrotron PHELIX end-station under the supervision of
V. V. Volobuev and with the help of A. Kazakov and R. Rudniewski, as well as PHELIX beamline
staff. Most of the measurements were conducted at 200 K with the exciting photon energy of
70 eV. Details of the sample studied are given in Table 5.9.

Table 5.9: Discussed Pb1xSnxSe (111) epilayers studied at the PHELIX beamline.

name code substrate Sn content [%] Thickness [um] Deposited TM
G34 G011422B BaF: 15 1 Fe

G35 GO011522A BaF: 24 1 Fe

G36 G011522B BaF: 30 1 Fe

G37 G011522C BaF: 26 1 Mn

5.3.1 In-plane and out-of-plane spin polarization

Due to the expected helical in-plane spin texture of the TClIs, spin of the TSS electrons is
supposed to be tangential to the Fermi surface [46] and, consequently, only one in-plane spin
component should be non-zero (see Figure 2.6 (c)) at ky = 0 and k; = kx«. Figure 5.22 shows
the spin resolved energy distribution curves (SR EDC) for the (111) oriented Pbo7Sno3Se
sample for two measured spin components, one in-plane and one out-of-plane.
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Figure 5.22: Spin resolved energy distribution curves of the Pbo.7Sno3Se (111) epilayer recorded at
two opposite values of wave vector |k"| = 0.045 A1 for (a), (b) one in-plane (Sx) and for (c), (d) out-of-
plane (S;) spin components, with corresponding spin polarization shown below. Sample G36 before

annealing.
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The second in-plane component is not presented here because at the time of the experiment
there were technical problems with a rotator lens, which switches between the Sy and Sy spin
components. Figure 5.22 (a) and (b) shows that, as expected, the opposite in-plane spin
polarization for Sy for the negative and positive kj is detected. At the same wave vector values
the SR EDCs for S; spin component normal to the sample surface (Figure 5.22 (c) and (d))
show negligible non-opposite out-of-plane spin polarization.

5.3.2 Spin-polarization of Pb1xSnxSe in topological crystalline and normal
insulator phases

Spin polarization of pristine Pb1.xSnxSe was studied at 200 K for 1 pm thick epilayers with tin
content of 30% and 15%. At this temperature, the samples were expected to be in the TCI and
NI phases [67, 68], respectively, as marked by dashed vertical lines in Figure 2.8.
Figure 5.23 shows that this is indeed the case. For the sample with xs,=0.30
(Figure 5.23 (a)) TSS cross at the DP, a clear indication of the TCI phase. The ARPES spectra
of the NI phase sample, with xs, = 0.15, in Figure 5.23 (b) shows a band gap of 78 meV that
is in close agreement with the semi-empirical Preier’s formula [68]. The corresponding SR
measurements are presented in Figure 5.23 (c) and (d). The opposite spin polarization
obtained from the SR EDC, extracted at k; positions indicated by grey vertical dashed lines in
Figure 5.23 (a), shows that the helical spin texture is present in the TCI phase. The
conduction and valence bands manifest opposite helicity, but spin polarization differs and
reaches values of up to 30% and 10%, respectively. The smaller spin polarization of VB is
attributed to the overlap of VB TSS with bulk states, which are spin-degenerate. A similar spin
polarization of 10% for one of the in-plane spin components was previously reported [53] in
same class of materials, namely (100) oriented PbSnTe. The DFT calculations for prototypical
Bi>Se and Bi;Te TIs [201] have shown, that the values of the spin polarization is reduced to
~50% due to spin-orbit coupling (SOC). A similar effect of reduction of measured spin
polarization is expected here, as strong SOC, responsible for band inversion, is present in
Pb14Sn,Se. The same magnitude of helical spin polarization is visible in Figure 5.23 (d). It
was not previously reported in the trivial phase of Pb1.xSn«Se, but a similar effect was shown
in systems with TI-NI [200] or TCI-NI [8] transition. Its occurrence may be explained by the
presence of Rashba splitting of the surface states, resulting in the presence of helical spin
texture in SS, as proposed in Ref. [202]. The effect was modelled using tight binding
calculations for Bi,Ses; TI by taking into account the Rashba term and electrostatic surface
potential, in addition to the TI Hamiltonian. The Rashba effect was previously reported in
PbSnTe(Se) (111) TCIs [83, 174]. The prerequisites for its occurrence are broken inversion
symmetry and the presence of an electric field gradient. These are fulfilled in the case of (111)
surface, because of its polar nature, i.e. only one kind of atoms, chalcogenide or metal,
terminates the surface. In connection with the latter, it may be the reason for the helical spin
texture observed in the xs, = 0.15 sample. However, no Rashba split states were detected for
this epilayer, even after changing the incident photon energy. Similarly, it was absent for
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(001)-oriented Pbo73Sno27Se in the NI phase studied in Ref. [8] that showed spin polarization
of SS. The absence of Rashba splitting in the presence of helical spin texture can result from
the splitting being so small that it cannot be resolved by ARPES, but it is detected by spin-
resolved measurements. Additionally, the electrostatic band bending effect observed in
(111)-oriented PbSnTe(Se) [83, 174] can be the reason for the spin-polarized surface
resonances, even when the Rashba splitting is absent, as shown in Ref. [202].
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Figure 5.23: (a), (b) ARPES spectra of (111) oriented Pb1xSnxSe epilayers and (c), (d) corresponding
SR measurements performed at 200 K with a photon energy of 70 eV near the T point. Colour is scaled
logarithmically in the image. (a) corresponds to the topological composition of xsn = 0.30 with gapless TSS
and (b) to the trivial composition of xsn» = 0.15 with a band gap of 78 meV and high intensity of the bulk
states. On both (a) and (b) images, the red and blue dashed lines are guidelines of the surface states, whereas
the grey vertical dashed lines indicate negative and positive momentum positions where the SR
measurements are taken. (c), (d) corresponding to (a) and (b) SR EDC of spin-up (red) and spin-down (blue)
in-plane spin component and spin polarization is depicted at the bottom. Binomial smoothing with
smoothing parameter 3 was applied to SR EDCs; see Section 3.8. Image adapted from Ref. [15]. Samples
G36 and G34 after annealing, (a) and (b), respectively.

Furthermore, the helical spin texture in the trivial phase Pb1xSniSe epilayers is further
supported by transport measurements and theoretical calculations published in Ref. [100].
The pair of counter-propagating charge contours at the Fermi surface experience n Berry
phase shift, caused by spin momentum locking in the TCI TSS. Because the inversion
symmetry is broken at the sample surface, the Berry phase quantized to it occurs in both the
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TCI and NI phases. It was confirmed by weak-antilocalization measurements and it was
shown that it is not the topological order, but the symmetries present in the Pb1.xSnySe system,
that lead to Berry phase effects [100] described briefly above.

5.3.3 Influence of sample annealing on ARPES and SR ARPES spectra

Some of the samples needed to be annealed before ARPES measurements. Because of the fact
that this experimental method is very sensitive to state of the surface, any impurity present
there negatively affects the measurements. The samples were annealed at 300 °C for
20 minutes in the preparation chamber of the PHELIX beamline end station. Comparison of
ARPES spectra and SR EDCs with corresponding in-plane spin polarization is shown in
Figure 5.24 and Figure 5.25.
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Figure 5.24: Influence of sample annealing on ARPES and SR ARPES spectra of the Pbo.7Sno3Se (111)
epilayer. (a) and (d) ARPES spectra of the sample before and after annealing, respectively. The blue and
red dashed lines are TSS guidelines. The grey vertical dashed lines indicate momentum positions of SR
measurements. (b), (c) and (e), (f) corresponding SR EDC and spin polarizations. The spectra are shown
with a logarithmic colour scale. Sample G36.
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Annealing of the pristine samples has two main effects visible in the ARPES measurements. It
shifts Er upwards, further to CB, allowing for more complete visualisation of the band
structure (overlapped with red and blue dashed lines for better understanding) by making
the sample more n-type, as visible in Figure 5.24 and Figure 5.25, (a) and (d). It also
improves the spin polarization of the epilayers from up to 20% (Figure 5.24 (b) and (c)) to
up to 30% (Figure 5.24 (e) and (f)) in the case of PbosSno3Se and from up to 10%
(Figure 5.25 (b) and (c)) to up to 25% (Figure 5.25 (e) and (f)) in the case of PbogsSng.1s5Se.
The improvement is most likely due to thermal removal of unwanted adatoms that could
adsorb on the surface of the sample in transfer and transport, despite UHV, which would give
an unpolarised contribution to recorded SR EDCs.
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Figure 5.25: Influence of sample annealing on ARPES and SR ARPES spectra of the Pbo.ssSno.1sSe
(111) epilayer. (a) and (d) ARPES spectra of the sample before and after annealing, respectively. The blue
and red dashed lines are surface states guidelines. The grey vertical dashed lines indicate momentum
positions of SR measurements. (b), (c) and (e), (f) corresponding SR EDC and spin polarizations. The
spectra are shown with a logarithmic colour scale. Sample G34.
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5.3.4 Effect of TM deposition on electronic and spin structure of TCI

The transition from TCI to NI was observed under the deposition of less than 1 ML of Fe and
Mn transition metals on the surface of Pb1.xSnxSe in the TCI phase, namely with xs, = 0.30 and
xsn = 0.26, respectively, at 200 K. Details of the deposition process are described in
Section 4.2.4 Deposition of TM. Figure 5.26 shows how the electronic structure and spin
texture of the Pbo.70Sno30Se epilayer change with the deposition of Fe.
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Figure 5.26: (a)-(c) Electronic structure of Pbo.7SnosSe taken at the same conditions as that presented
in Figure 5.23 with an increasing iron thickness from 0 to 0.2 ML and then to 0.6 ML deposited on the
surface of the epilayer. Colour is scaled logarithmically on the images; for (c), strong background noise is
removed. Grey vertical dashed lines indicate negative and positive positions of momentum for SR
measurements. (d)-(f) Corresponding smoothed SR EDCs and spin polarization at |ky| = 0.045 1/A.
Binomial smoothing with smoothing parameter 3 was applied to SR EDCs; see Section 3.8. Image adapted
from Ref. [15]. Sample G36.

Pristine sample, Figure 5.26 (a), is in the topological phase, as TSS close the band gap.
Figure 5.26 (b) shows that the deposition of 0.2 ML Fe results in band bending (change of
the shape of the bands and their separation) and n-type doping of the sample surface. There
is noticeable upward shift of the Fermi level, as well as appearance of 50 meV band gap. With
the addition of 0.4 ML Fe (Figure 5.26 (c)), bringing the total deposited amount of Fe to
0.6 ML, the surface band gap widens to 80 meV, and the Er increases slightly even more. The
emergence of the band gap does not influence the presence of surface states or so-called
precursor states [200, 203]. Their surface nature is evidenced by the fact that they do not
disperse with varying photon energy (see Figure 5.28). Strong background noise coming
from the TM deposition is removed from the spectra in Figure 5.26 (c). This effect is
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discussed later in this section. In Figure 5.26 (d), (e), and (f), SR EDCs and corresponding
spin polarization at the same wave vector |k,| value are presented. Although the deposition
of 0.2 ML opened the gap in the surface spectra, the helicity of the surface states does not
vanish. Spin polarization reaches up to 25%, while reaching up to 30% for the pristine sample
(Figure 5.26 (e) and (d) respectively). At 0.6 ML of the total deposited Fe the spin
polarization drops to ~5% due to the presence of unpolarised disordered Fe states, that
overlap with polarized SS and increase the background noise, causing an overall drop in
detected spin polarization. A similar effect, under the deposition of another TM, was observed
in sample with xs, = 0.26, which is also expected to be in the TCI phase at measurement
conditions, thatis, 200 K. Deposition of 0.4 ML of Mn caused 40 meV SS band gap opening and
helical spin texture with polarization of up to 30%, Figure 5.27 (a) and (b), respectively.

0.4 ML Mn 0.4 ML Mn + 0.2 ML Fe
(a) (©)
0 0
-0.1 -0.1
o
% -0.2 g % -0.2
[ — < e
= =
25 o5
v -0.3 v -0.3
£ £
-0.4 -0.4
05 0.5
-0.2 0 0.2 -0.2 0 0.2
(b) ky [1/A] (d) ky [1/A]
kj =-0.045 kj = 0.045 kj = -0.045 kj = 0.045
=} ? ﬂ u/\‘\ = ?
S S
T2 A\S \ =
Eg N \ EZ
238 —A—S,} ! . S g —a— S, } —a— S, }
£l 58, . £ | —-s,} —S,
< 20 ] T 20 ]
= S — N AP — 1 — —
= 0_/\\_/ _- - = 0+ /_\..:b‘/’\ ~
=-20 . =-20 ]
& 08 -06 04 02 0-08 -06 -04 02 0 & 08 -06 04 02 0-08 -06 -04 -02 0

E - Eg [eV] E - Eg [eV]

Figure 5.27: (a) Electronic structure of Pbo.74Sno2¢Se and (b) corresponding smoothed SR
measurements taken at 200 K with a photon energy of 70 eV near the I point with 0.4 ML of Mn deposited
on the surface. The grey vertical dashed lines indicate the negative and positive momentum of the SR
measurements. The spectra are shown with a linear colour scale. Adapted from Ref. [15]. (c) ARPES spectra
of the same sample at the same conditions with additional deposition of 0.2 ML Fe on the surface and
(d) corresponding SR measurements. Binomial smoothing with smoothing parameter 3 was applied to SR
EDCs; see Section 3.8. Sample G37.

Due to the fact that Mn was not available in the PHELIX beamline preparation chamber, 0.2
ML of Fe was used for further deposition of TM on the surface of the sample. Again, an increase
in background noise and a wider opening of the SS band gap was observed (Figure 5.27 (c)).
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The recorded band structure consists of both bulk and surface states or so-called precursor
states [200, 203], despite a band gap opening. The nature of the states was studied by varying
the incident photon energy from 66 eV to 74 eV, as presented in Figure 5.28 (a)-(i).
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Figure 5.28: Photon energy dependence of Pbo.75Sno.26Se with a total of 0.6 ML TM (0.4 ML Mn + 0.2 ML
Fe) deposited on the surface. All measurements were taken at 200 K. Green dashed line is a guideline of the
surface states; it is the same for every spectrum presented. Strong background noise is removed for all

spectra. The spectra are shown with a linear colour scale. Sample G37.
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This type of measurement allows scanning through the 3DBZ, along the k., wave vector
component normal to the sample surface. In the case of bulk states, band dispersion is
observed. The surface states positions are insensitive to the change of the incident photon
energy, and thus no band dispersion should be observed. Indeed, the spectra in
Figure 5.28 (a) to (i) show a very similar band structure. The green dashed line was used as
an eye guideline for the SS. Parameters for the equation used for band structure fitting (for
details see Section 3.8.3) are the same for every spectra. This proves the surface nature of
the states, for which spin polarization was measured.

In order to obtain more information about the band structure and better visualise the ARPES
spectra, in Figure 5.29 (a) and (b) the same spectra as in Figure 5.26 (c) (with different
pseudo-colour maps applied) are shown before and after background noise removal,
respectively. Background noise is removed for some of the presented spectra for the purpose
of better visualisation of the band structure. The removal procedure employs tools available
in Igor Pro software, namely the "ImageRemoveBackground” procedure that removes a
general background level, described by a polynomial of a specified order [136]. Degree 3
polynomial was used for all presented spectra with the background removed. The
appearance, and the increase, with further Fe deposition (Figure 5.26 and Figure 5.27), of
the background noise corroborate the conclusion of TM adsorbate forming in disordered state
on the surface of the film, as stated in Section 4.2.4 Deposition of TM.
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Figure 5.29: Background noise subtraction in the ARPES spectra of Pbo.7Sno3Se at 200 K with 0.45 A
deposited on the surface. (a) raw ARPES spectra. (b) ARPES spectra with background noise subtracted.
The spectra are shown with a logarithmic colour scale, with the same colour map and intensity range

applied. Sample G36.
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5.3.5 Gap opening induced by TM deposition

The deposition of magnetic atoms on the surface of the TCI may lead to a gap opening due to
the breaking of time reversal or mirror symmetries [100, 176, 204], or the creation of a 2D
ferromagnetic state [148, 205]. Of these two, the creation of a 2D ferromagnetic state is ruled
out, as it would require the Er to be in the band gap, which is not the case in the samples
studied. The magnetic origin of the gap opening, which relates to the arrangement of the
magnetic moments, would require some critical temperature, below which the gap would
always remain open. Another possible explanation is the change of the band inversion point
or resonant doping [206].

Temperature-dependent ARPES measurements, presented in Figure 5.30, were conducted to
establish the origin of the TCI SS gap opening caused by TM deposition. The sample of choice
was Pbo76Sno24Se with 0.3 ML Fe deposited on the surface. According to the semi-empirical
Preier’s relation [68] and band gap dependence on the composition of Pbi.xSniSe (see
Figure 2.8) the topological transition point for a pristine epilayer of this composition is at
254.5 K, that is, below this temperature the SS band gap should be closed.
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Figure 5.30: Temperature-dependent electronic structure of Pbo.75SnozsSe with 0.3 ML of Fe
deposited on the surface. E(kj) spectra taken with a photon energy of 70 eV near the T point. The spectra
are shown with a linear colour scale. Image from Ref. [15]. Sample G35.

In Figure 5.30 (b), spectrum taken at 200 K is presented. It shows a band gap of 65 meV. With
decreasing temperature, the gap gradually closes. At 130 K it reaches 24 meV and at 78 K no
gap is observed, Figure 5.30 (c) and (d), respectively. This proves that a constant gap was
not observed when the temperature was decreased. Instead, the band gap closing point was
reached. This rules out the scenario in which the gap would have a magnetic origin. The
resonant doping origin of the gap is also excluded, as in this case the gap should also be
temperature independent [206].

The opening of the gap in Pb1.xSnxSe in the TCI phase by the deposition of TM must therefore
have another reason. It is well known that in this system the band gap is composition and
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temperature dependent [67, 68] (see Figure 2.8). Considering this fact, it is reasonable to
assert that with the deposition of TM on the surface, the composition-dependent band
inversion point changes. Indeed, when the band gap data extracted from Figure 5.30 are
compared with the band gap temperature dependence calculated according to Preier’s
relation [68] and the magneto-optic experiments in Ref. [147] it reproduces the band gap
energy (Eg) dependence of Pb1..Sn,Se with Sn content of 17.5% (Figure 5.31). TM deposition
seems to change the surface composition of the epilayers and shift it toward a trivial phase by
reducing the percentage content of Sn on the surface. TM deposition may be considered as a
way of changing surface composition, as the used TM are relatively light elements, and
decrease in spin-orbit strength is expected.
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Figure 5.31: Temperature and Sn content dependent band gap energy in Pbi.xSnxSe. Comparison
between Eg extracted from Figure 5.30 for xsn = 0.25 with 0.3 ML of Fe deposited (black dashed curve) and
Eg calculated following Ref. [68] for xsn = 0.25 (red line), for xsn = 0.175 (purple line) and following Ref.
[147] for xsn = 0.175 (green line). Image from Ref. [15].

5.3.6 Summary

The electronic and spin texture of high quality Pb1SnSe epilayers grown on (111) BaF; was
investigated. It was shown that helical spin-polarization of the surface states exists in samples
of both topological and trivial phases and has the same order of magnitude. To date, little
research has been done to study the spin texture of topological insulators in both the TI and
NI phases [8, 200, 203] and no such research has been done for (111) Pb1..Sn,Se. Therefore,
the reported results deepen the understanding of the spin structure of Pb1.Sn.Se across the
topological transition.
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The deposition of TM on the surface of (111) Pb1xSn,Se revealed the opening of the band gap,
forcing the TCI-NI transition. Reasoning was given to support the conclusion that band
opening comes from a change in surface composition and not due to ferromagnetism or
crystal symmetry breaking. Demonstrated modification of the band structure at the interface
between TCI and TM is an important factor that needs to be considered when designing
functional spintronic devices incorporating TCI and TM-based magnetic materials. The
results obtained demonstrate an additional method of inducing TCI-NI transition in TCI.

5.4 ARPES measurements of a-Sn epilayers

The inverted band ordering at I point of 3DBZ in the unstrained a-Sn allows for nontrivial
topology properties of this material. The degeneracy of the light and heavy holes bands [84]
at the I' point is a consequence of the cubic symmetry of the diamond structure [89]. If this
symmetry is broken by external strains, as was done here, the effect is either energy gap
opening [89] or valence and conduction bands crossing [87]. A detailed description of these
effects is given in Section 2.2.2 a-Sn. The employed compressive in-plane strain results in
the formation of Dirac semimetal (DSM) phase in grey tin with two bulk 3D Dirac cones
formed near the band touching points along I'-Z direction perpendicular to (001) surface
(Figure 5.32 (a)). This direction is k;, in terms of ARPES measurement.
Figure 5.32 (b) shows schematic of bands in direction laying in plane of the (001) surface,
along k; in terms of ARPES measurement, which is the direction of the carried out
measurements. A band structure similar to that obtained in ARPES measurements of in-plane
strained a-Sn grown on InSb [207, 208] is expected. Figure 5.32 (c) shows the 3D and (001)
2D Brillouin zones in this system. Red colour denotes high-symmetry points of interest,
namely bulk I and Z, and T and X, defining direction of band structures presented in images
(a) and (b), respectively.

Z+—T—1

Figure 5.32: Schematic electronic structure and Brillouin zone of «a-Sn in the DSM phase. (a)
Schematic of the band structure of a-Sn near I' point along Z — I' — Z direction perpendicular to the (001)
surface. (b) Schematic of the band structure of a-Sn near T point along X — I’ — X direction. (c) 3D and 2D
(001) Brillouin zones with high-symmetry points labelled. Schematic (a) based on Refs. [84, 87], schematic
(b) based on Refs. [207, 208]. For the correlation between I} band and I';fand I bands, see Section 2.2.2
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The DSM phase in a-Sn can further transform to the Weyl semimetal (WSM) phase by
application of external magnetic field that breaks the time reversal symmetry [84]. Breaking
of this symmetry leads to the splitting of each of the DC into a pair of Weyl cones. Considering
all of the above, grey tin is a very interesting system that allows study of different topological
phases. The goal of the research presented in this chapter was to study by ARPES the DSM
phase of a-Sn grown on a (001) CdTe/GaAs hybrid substrate. To date, ARPES studies of a-Sn
were carried out only for grey tin grown on InSb [209-211] and not on relaxed CdTe buffer.
The results obtained broaden the general understanding of the electronic structure of a-Sn in
the DMS phase.

The results shown in this subchapter were presented online in a poster titled Growth of Gray
Tin epilayers on insulating (001)-CdTe/GaAs substrates and its Angular Resolved Photoemission
Spectroscopy studies during the 49th International School & Conference on the Physics of
Semiconductors “Jaszowiec 2021”. The measurements were done by V. V. Volobuev,
R. Rudniewski, and me at the SOLAIRS Synchrotron URANOS (former UARPES) end-station in
Krakéw. The samples have been delivered to the synchrotron facility in a UHV suitcase.
Experiments were performed with photon energies ranging from 16 eV to 120 eV. If not
stated otherwise, the measurements were carried out at RT. Details about the sample studied
are given in Table 5.10.

Table 5.10: Discussed a-Sn/CdTe (001) epilayers studied at the URANOS beamline.

name code phase Thickness [nm] Studied by

V9 GM2_220920A a-Sn 46 ARPES, CL

V10 GM2_240920A a-Sn 34 ARPES, CL

V11 GM2_240920B a-Sn 150 ARPES, CL, Epn, 3D maps
V12 GM2_260920A a-Sn 100 ARPES, 3D maps

5.4.1 Effect of a-Sn thickness on the band structure

ARPES measurements of four 30-200 nm thick (001) a-Sn/CdTe samples are presented in
Figure 5.33. The same band structure is observed regardless of the thickness of the epilayer,
which confirms the presence of only one topological phase near the surface in this thickness
range. Core level spectroscopy measured for the samples shown in Figure 5.33, presented in
Figure 5.34, proves that all of the detected states come from Sn, as only two peaks coming
from the 4ds,; and 4ds,. levels are visible. Additional Te 4d3,2 and 4ds,; levels, originating
from the CdTe buffer, are detected for the thinnest 34 nm and 46 nm epilayers
(Figure 5.34 (c)). Cadmium 4d peaks, with smaller intensity than Te 4d peaks, would be
expected close to binding energy 10 eV [212], but are not detected. It was reported in Ref.
[208] that Te is visible in the CL of a-Sn grown on (001) InSb with a Te buffer layer added
before Sn growth. Tellurium acts as a surfactant [213] and is present on the top of the thinner
films.
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Figure 5.33: a-Sn ARPES spectra near the T point for 34 nm, 46 nm, 100 nm and 150 nm, (a) to (d)
respectively. (a), (b) and (d) spectra taken at RT with the photon energy of 20 eV. (c) Spectrum taken at
210 K with the photon energy of 18 eV. Samples V10, V9, V12 and V11, respectively.
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Figure 5.34: Core levels spectra of a-Sn thin epilayers with varying thickness obtained with the photon
energy of 90 eV. 100 nm spectrum (brown) measurement taken at 80 K. (a) full range measurement. (b) -
20 eVto-30 eV zoom-in to Sn peaks. (c) -35 eV to -45 eV zoom-in to Te peaks present for very thin epilayers.

5.4.2 Band structure of a-Sn in DSM phase

The most important bands near the T point along T — X direction (see Figure 5.32) are
presented in Figure 5.35 for three values of the exciting photon energies. The most
pronounced spectral weight in the spectrum is marked in black, and the locations of other
bands that are present are marked in red. In Figure 5.35 (a), at 18 eV two different surface
states (SS) are visible: SS1 are more pronounced, whereas SS2 have smaller intensity. In
between these two there are heavy hole (HH) broad bulk states, best visible at 26 eV in
Figure 5.35 (b). SS1 and SS2 are not visible in this spectrum due to overlap with the intense
broad bulk band. At 90 eV, Figure 5.35 (c), SS2 are the most pronounced, while SS1 and HH
have a lower spectral weight. At this photon energy, the bulk s-band becomes visible and is
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separated in energy from the HH band by 0.40 * 0.02 eV atk; = 0. This value is consistent with
reported infrared ellipsometry [214] and magnetooptics measurements [13]
Figure 5.35 (e-g) shows spectra from Figure 5.35 (a-c) with the 2D curvature method
applied [134, 137] and overlapped with the original image to better visualise and reveal all
the bands present. In Figure 5.36 (a), the 3D ARPES map of a 150 nm sample (V11) is
presented. Cuts along I' — X and ' — M directions clearly reveal both SS1 and SS2, together
with the bulk HH states. Full cuts along both directions are presented in images (b) and (c).
The anisotropic dispersion of the SS2 and HH states is consistent with the ARPES studies of
a-Sn/InSb (001) [208, 210]. The anisotropic character of SS2 and HH, and the isotropic
character of SS1 are more clearly visible in constant energy contours (CEC) shown in
Figure 5.37. The longer energy range ARPES image, presented in Figure 5.38, reveals
presence of SS3 and I'; states (p) deeper in VB (see Figure 5.32 (b)). They were reported in
compressively strained (001) a-Sn/InSb [207, 210]. The distance between the p and HH
bands obtained from ARPES is a subject to bigger measurement error due to the broad
character of the p band at ky=0 and is determined as 0.66 + 0.20 eV, which differs
significantly form ellipsometry and magnetooptics measurements [13].
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Figure 5.35: Band structure of a-Sn near T point along T’ — X direction with surface states (SS), heavy
holes (HH) and s band (s) marked. Measurements taken with the photon energy of (a) 18 eV (b) 26 eV and
(c) 90eV. (e-g) spectra from (a-c) with their curvature [134, 137] overlapped for a more precise
visualisation of the band structure. Sample V11.
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Figure 5.36: a-Sn T — X and T — M ARPES cuts near T point. (a) ARPES 3D map. (b) ARPES image along
' — X direction. (c) ARPES image along ' — M direction. Measurements taken with photon energy of 20 eV
for 150 nm thick epilayer. Data extracted from the 3D map are presented in Figure 5.37, with different
colour map applied. Initial data handling with procedures written for the IGOR Pro 8 software by M. Rosmus
(SOLARIS, URANOS). Data analysis and presentation by B. Turowski. Sample V11.
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Figure 5.37: Constant energy contours (CECs) of a-Sn near T point. (a) CEC for E - Er=-0.15 eV, with
direction of T — X and T — M cuts marked with black dashed lines, and the SS1, SS2, and HH bands labelled.
(b) constant energy surface map (extracted from the 3D map presented in Figure 5.36 (a)) of 150 nm thick
epilayer. Measurements taken with the photon energy of 20 eV. Initial data handling with procedures for
3D maps written for the IGOR Pro 8 software by M. Rosmus (SOLARIS, URANOS). Data analysis and
presentation by B. Turowski. Sample V11.
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Figure 5.38: Deeper band structure of a-Sn near the T along T — X direction. (a) Wide energy range
ARPES spectrum. (b) Curvature 2D of (a). (c) Zoom in of (a) to narrower energy and momentum range. The
colours used for the bands guidelines correspond to those in Figure 5.32 (b). Sample V9.

DSM phase in previously studied a-Sn grown on InSb is caused by relatively large tetragonal
distortions [208, 210, 215]. Similar distortions, equal to €. = €, - gy = 0.26% (see Table 4.9),
coming from a lattice mismatch between grey tin and CdTe buffer (see Section 4.4.2 for
details) are present in a-Sn presented here. Varying the incident photon energy should result
in dispersion of the bulk HH states. In order to verify that, photon energy dependence
measurements on sample V11 were carried out (Figure 5.39). The energy dispersion curve
(EDC) profiles extracted at k; = 0 (Figure 5.40) indeed show a weak dispersion. Another
possible reason for the dispersion in the spectra shown in Figure 5.40 can be the suppression
of SS2 because of the change of the matrix element [188], which, in the case of a one-electron
approximation, depends on the momentum of the exciting photon and affects visibility of the
bands in the ARPES spectrum. Detailed explanations of the matrix element in ARPES are given
in Ref. [216] and, more generally, in Ref. [217]. However, the presence of SS1, SS2, and SS3
as well as the point-like Fermi surface (Figure 5.37 (b)) were theoretically predicted [84, 87,
207, 214] for the DMS phase. The presence of these features in the presented ARPES spectra
demonstrates that the DSM phase is present in the studied (001) a-Sn/CdTe/GaAs
heterostructures. This interpretation is strongly supported by theoretical calculations of the
model that accurately determine the band structure of a-Sn DSM, as well as by magneto-
optical measurements [13] performed on (001) a-Sn/CdTe/GaAs.



122 Chapter 5 ARPES studies of Pb1-xSnxSe and a-Sn epilayers

=
9,
15
5]

[ -

-0.4
0 _|(e) 22 eV

Y
2,
153
m

[ -

-0.5

0.4 -0.4 0.4

0.4

-0.4 -0.4

0 0 0
ki [1/A] ki [1/A] ky [1/A]

Figure 5.39: Photon energy dependence of 150 nm thick a-Sn epilayer. With increasing photon energy
(a) to (g) the main features of the spectra do not change and a weak dispersion with change of the photon
energy is observed. Sample V11.
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Figure 5.40: Energy dispersion curve profiles of a-Sn ARPES spectra presented in Figure 5.39 extracted
at normal emission (k; = 0). A weak dispersion with change of the photon energy is observed. Sample V11.
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5.4.3 New type of surface states in strained a-Sn

The grey tin in the DSM phase hosts three different types of surface states: SS1, SS2, and SS3
(see Figure 5.38). Band inversion between I'{" and I';, and I'; and I} gives rise to SS1 and
SS3 (see Figure 5.32 (b)), respectively [207]. SS1 were reported to have a helical spin texture
in SR-ARPES measurements [218], proving their topological nature. On the other hand, the
presence of SS2 in the a-Sn DSM phase has only recently been experimentally shown [210]
and was attributed to the Rashba effect that results from the breaking of the inversion
symmetry on the surface. This finding is disputed in Ref. [13], as no beating pattern in
Shubnikov-de Haas (SdH) oscillations in magnetotransport measurements was detected,
which would be a signature of Rashba splitting. Another possible explanation for the presence
of SS2 are the topologically trivial massive surface states (Volkov-Pankratov (VP) or
Dyakonov-Khaetski (DK) states) theoretically predicted [219, 220] at the interface of a
normal insulator and a Luttinger semimetal [85, 86], such as a-Sn or HgTe, near touching
point of the CB and VB. VP or DK states were recently predicted [85, 221] in strained
Luttinger semimetals, and VP states were demonstrated in HgTe [222] and PbSnSe [223] by
transport experiments and magneto-optical spectroscopy, respectively. Conducted ARPES
measurements, backed by recent developments in the field of Luttinger semimetals, support
the conclusion that SS2 can indeed be massive DK or VP states.

5.4.4 Summary

The electronic structure of high quality a-Sn/CdTe/GaAs (001) heterostructures was
investigated. To date, no ARPES research of strained o-Sn grown on insulating hybrid
CdTe/GaAs (001) substrates has been reported in the literature. The results presented in this
chapter broaden the understanding of the band structure of grey tin by providing ARPES
spectra of a-Sn grown on the substrate that is insulating and does not lead to any parallel
conductance in magnetotransport studies. This in turn allows for comprehensive studies with
the use of a number of various techniques on the same structures, which was not previously
possible.

The band structure obtained from ARPES agrees with reports for strained a-Sn grown on InSb
(001) [207, 210, 215]. The presence of previously reported [207] surface states (SS1 and
SS3) was confirmed and a new explanation for the existence of recently experimentally
revealed [210] SS2 in the DSM phase of a-Sn was proposed based on recent studies of
Luttinger semimetals [85, 221-223] and performed magnetotransport measurements [13].



Chapter 6

Conclusions

In this thesis, two main goals were achieved:

1) The growth technology of thin and ultra-thin Pbi.xSnxSe topological crystalline insulator
(TCI) and compressively strained o-Sn epilayers has been developed in a newly installed
molecular beam epitaxy (MBE) at IF PAN, and high-quality epilayers of this type have been
successfully grown by MBE.

2) The band structure and the spin texture of Pb1xSnySe with and without a submonolayer
amount of TM deposited on the surface of the epilayer, as well as the band structure of
compressively strained a-Sn have been studied using Angle-Resolved Photoelectron
Spectroscopy (ARPES) and spin-resolved ARPES (SR-ARPES) to examine the behaviour of
the gapless surface states under external perturbation.

Conclusions and Summary

[ presented the developed MBE growth process of PbixSn.Se on (001)-oriented KCl and
(111)-oriented BaF,. The 1 um thick (111)-oriented films were grown using elemental and
stoichiometric compound sources. The AFM and XRD characterisation methods were used to
show that both types of sources can be used to grow high quality Pb1.xSnxSe thin films. This
proves that elemental sources, which are of higher purity, can be successfully used to grow
nanostructures with better control of carrier concentration in the IV-IV TCI. I also presented
the developed procedure for growth of ultra-thin (less than 120 nm) Pb1.xSniSe epilayers,
which differs from the standard MBE growth of thin films. Furthermore, I presented the
developed process for the growth of grey tin thin films on hybrid CdTe/GaAs (001) substrates,
which allows for a comprehensive study of the a-Sn with different techniques taking
advantage of the insulating character of the substrate. The growth of Pbi.SnSe with
compound sources, as well as the growth of a-Sn epilayers was carried out in a new MBE
system. [ was involved in the launch and upgrades of the GM#2 system and worked on the
development of growth processes that yield high-quality epilayers. In addition, I wrote a
Python script that facilitates the analysis of RHEED patterns. The script uses open source
modules (the code is attached in the Appendices), which makes it possible to deploy it on any
computer. With minimal adjustments, the programme can be applied to other materials and
is not limited to the analysis of the RHEED patterns of Pb1.xSnxSe and a-Sn.

124
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In the scope of this thesis, ARPES and spin resolved APRES (SR-ARPES) measurements were
performed during four beamtimes, focused on the band structure of Pbi..Sn,Se, the band
structure of a-Sn and the spin texture of Pb1.xSnySe.

First, the theoretical prediction of band gap opening of the surface states caused by the
magnetic impurity (Fe and Mn transition metals (TM) were used) on the surface of the TCI
was tested experimentally. No band gap opening of the magnetic origin was observed, neither
on (001) nor on (111) surfaces of Pb1xSnySe TCI. It was shown that deposition of TM on the
surface of Pb1.xSnSe leads to a change in the separation of the double Dirac cones (DC) near
X surface point, in the case of (001)-oriented epilayers, which was attributed to a change in
the surface composition of the sample toward more trivial. In the case of (111)-oriented
epilayers, deposition of TM on the surface of thin films resulted in the emergence of
momentum-splitted, concentrically arranged states in the conduction band attributed to
Rashba splitting, with the value of the Rashba parameter close to the values observed in
materials with giant Rashba splitting. The above experiments motivated theoretical
calculations of the Rashba splitting effect in Pb1.xSn,Se. The first ARPES studies were carried
out almost exclusively at a temperature of 80 K or lower. These temperatures are below the
characteristic temperature of the topological transition for Pb1..Sn,Se, with xs, in the range of
20% to 30%.

Next, the spin texture of (111) Pb1.xSnsSe in both the TCI and normal insulator (NI) phases
was reported and published for the first time [15], as a result of SR-ARPES measurements
carried out as a part of this dissertation. It was shown that helical spin-polarization of the
surface states, with the same order of magnitude, exists in both the TCI and the NI phases.
Additional ARPES studies of the deposition of TM on the surface of (111) Pb1xSn,Se revealed
the opening of the surface states band gap, which forces the TCI-NI transition. The band gap
opening was attributed to a change in surface composition, and reasoning was given to
exclude ferromagnetism or crystal symmetry breaking as a source of this effect. It also
demonstrated an additional method of inducing the TCI-NI transition in TCI and provided
information about the modification of the band structure at the interface between TCI and
TM, which needs to be taken into account when designing functional spintronic devices
incorporating TCI and TM-based magnetic materials. Temperature dependent ARPES
measurements of Pb1.xSnxSe near the temperature of topological transition were performed
to complement previous ARPES study at lower temperatures, below the topological transition
temperature. Because of that, the gap opening due to TM deposition and subsequent surface
composition change could be observed. These studies support earlier conclusions of non-
magnetic origin of the surface states gap opening.

Surprisingly, Rashba splitting was not observed in ARPES spectra gathered during spin-
resolved measurements. Apparently, the splitting was so small that it could not have been
resolved by ARPES, but the detection of the splitting with spin was possible. In addition, the
photoemission intensity of surface states is influenced by matrix element effects, which cause
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oscillations of their intensity when the energy of the exciting photons is varied. These effects
can reduce the visibility of the split surface states. Initial ARPES measurements were
performed with exciting photon energy of 18 eV, while spin-resolved measurements were
performed with exciting photon energy of 70 eV, due to the available energy range of the
SR-ARPES beamline starting at 50 eV.

Finally, for the first time ARPES study of compressively strained o-Sn grown on insulating
CdTe/GaAs (001) hybrid substrates was presented. The results obtained complement the
understanding of the band structure of grey tin. The presence of bulk and surface states
previously reported in compressively strained a-Sn grown on (001) InSb was confirmed.
Furthermore, a new explanation for the existence of recently experimentally revealed surface
states was proposed - the Dyakonov-Khaetski states. The explanation was based on recent
studies of Luttinger semimetals and performed magnetotransport measurements [13]. The
results presented prove the presence of DSM phase in strained a-Sn grown on hybrid (001)
CdTe/GaAs substrates and were part of a larger comprehensive study of the a-Sn, the results
of which were submitted for publication [13].

Open questions

The research provided a new way to induce the surface states gap opening in Pb1.xSnxSe TCI
by changing the surface composition, but did not confirm the theoretically predicted opening
of the gap due to surface ferromagnetism. Verification of the latter effect would require
growth of Pb1.xSniSe with fine-tuning of the Fermi energy close to DP. To this end, the
developed growth technology using elemental sources [100] might provide possible way of
accomplishing such Pb1.,Sn,Se epilayers.

APRES measurements of the TCI/ TM interface at higher temperatures, close to the
temperature of the topological transition, could provide information on the interplay of the
Rashba effect and surface states band gap opening due to a change in the surface composition.

Combined ARPES and SR-ARPES measurements carried out with lower photon energies could
provide more detailed information on spin polarization and Rashba splitting. During the
ARPES studies, it was established that an exciting photon energy of 18 eV provides the best
quality ARPES spectra of Pbi4SnsSe. This energy is available at the URANOS beamline in
SOLARIS, and the installation of spin filters in this system (scheduled for 2023) could provide
such an opportunity.

Impact

This thesis provides evidence that both elemental and stoichiometric compound sources can
be used for the MBE growth of high quality Pb1.x<SniSe thin films, as demonstrated by the
results published in Ref. [100] and Ref. [15], respectively.
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The developed Python RHEED script can be used for pattern simulation that can complement
the analysis of real patterns, recorded during the growth, with commercial software such as
the kSA 400 analytical RHEED system, available in the GM#1 and GM#2 MBE systems. The
script can also be used for educational purposes, and in the future could be expanded to
include Kikuchi line patterns, which would greatly increase its usefulness. The use of the
Python programming language combined with the use of open-source modules makes it
accessible to everyone.

The thesis presents important information on the band structure and spin texture of
Pb1xSnxSe and the band structure of a-Sn. The results obtained have been published [15, 100]
or submitted for publication [13] in high impact journals. Some of the results presented are
currently being processed for publication [14]. Understanding the band structure of the
materials discussed provides crucial knowledge that can be applied in the design and

manufacture of functional spintronic and electronic devices.

As part of this thesis, growth technology of topological materials in a new MBE system was
developed, which can be used in future studies of topological matter.
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Appendix A Measurement setups

URANOS beamline

The Ultra Resolved ANgular phOtoelectron Spectroscopy beamline (URANOS, former
UARPES) in SOLARIS National Synchrotron Radiation Centre is an installation for the
experimental studies of the electronic structure of the solid surfaces by Angle-Resolved
PhotoElectron Spectroscopy (ARPES). It was used to obtain band structure of (001) and (111)
oriented Pb1xSnsSe and (001) oriented compressively strained a-Sn. Appendix Figures A.1

and A.2 show photos and layout of the beamline.

Appendix Figure A.1: Photos of the URANOS beamline. (a) Beamline. (b) and (c) End-station. (d) Sample
stage in the Preparation Chamber. (e) Sample stage in the Analysis Chamber. Photos by M. Zieba and A.
Wadge.
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Detailed information about the URANOS beamline can be found at:

https://synchrotron.uj.edu.pl/en GB/linie-badawcze/uranos

PHELIX beamline

The PHELIX beamline in SOLARIS National Synchrotron Radiation Centre is an installation
that enables experimental studies of the electronic structure of the solid surfaces by ARPES

and spin-resolved ARPES, in addition to other types of measurements in the soft X-ray range.

Appendix Figures A.3 and A.4 show layout, photos and the top view of the beamline.

Detailed information about the PHELIX beamline can be found at:
https://synchrotron.uj.edu.pl/en GB/linie-badawcze/phelix
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130 PHELIX beamline

Preparation chamber

Appendix Figure A.4: PHELIX beamline. (a) Photo of the main part of the end station. (b) Photo of the
Preparation chamber, with UHV suitcase attached. (c) Top view of the PHELIX end station model from Ref.
[128].
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List of studied samples

Below, tables with samples relevant for this thesis are presented. I assisted the growth of the

samples listed in Appendix Table B.1 and grew the samples listed in Appendix Table B.2
and Appendix Table B.3. The samples listed in Appendix Table B.1, Appendix Table B.4
and Appendix Table B.5 were grown dr by V. V. Volobuev.

The sample codes of the listed samples should be interpreted as follows: the first letter (P or
G) denotes the PREVAC or GM#2 MBE chamber. Next, the date of the growth is given in US
date format i.e. mmddyy. The following letter denotes if multiple samples were grown that

day (A - first, B - second and so on). Due to the change in naming convention, some of the early

GM#2 samples have names starting with “GM2_" followed by date of growth in ddmmyy

format.

Appendix Table B.1: List of Pb1.xXSnxSe samples grown in PREVAC 190 MBE system.

Sn

) Growth T .
name code substrate  content Thickness [°C] Studied by Comments
[%]

P1 P121517B BaF: 19 1 pum 325 AFM, SEM -

P2 P121617B BaF: 22 1 pum 325 AFM -

P3 P011118A BaF: 24 50 nm 250 XRD -

P4 P011118B BaF: 32 50 nm 250 AFM -

P5 P011118C BaF: 16 50 nm 250 XRD -

P6 P011218B BaF: 9 50 nm 250 XRD -

P7 P032918B BaF2 19 1 pm 363 AFM Se decap

Appendix Table B.2: List of Pb1.xSnxSe samples, thicker than 250 nm, grown in Veeco GENxplor GM#2

MBE system. (c) stands for cleaved and (p) for polished substrate.

Sn ) Growth T . Bi

name code substrate content Thickness Studied by
[°Cl [%]

[%]
G1 GM2_120220B BaF: 0 1 pm 340 XRD -
G2 GM2_250220B BaF: 34 1 pm 340 AFM, XRD, EDS -
G3 GM2_070920A BaF: 26 1 pm 355 ARPES, CL 0.06
G4 GM2_110920A BaF: 30 1 pm 330 ARPES 0.03
G5 GM2_140920A BaF: 30 1 pm 340 ARPES, CL 0.09
G6 G072621A BaF: 24 2.5 um 350 XRD -
G7 G100321B BaF: 31 1 pm 350 SR 0.08
G8 G102021A BaF: 0 1 pm 350 - 0.016
G9 G102121A BaF: 25 1 pm 365 XRD 0.067
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G10 G102521A BaF: 10 1 um 350 XRD 0.08
G11 G102621A BaF: 31 1 um 350 XRD, RHEED 0.08
G12 G102821A BaF: 15 1 um 360 XRD 0.08
G13 G102921A BaF: 0 260 nm 345 RHEED -

G14 G110221A BaF: 0 1 um 382 not measured -

G15 G110321A BaF: 24 1 um +250nm 335 SR, Fe 0.068
Gl6 G110321B BaF: 31 1 um 375 ARPES, SR 0.064
G17 G110421A BaF: 14 1 um +250nm 320 RHEED 0.082
G18 G110421B BaF: 10 1 pm 317 not measured 0.082
G19 G110821A BaF: 14 1 um + 250nm 320 ARPES, Mn 0.078
G20 G110821B BaF: 24 1 um + 250nm 325 RHEED 0.068
G21 G110921A BaF: 31 1 um 330 SR 0.06
G22 G120621A BaF: 10 1 pm 370 not measured 0.082
G23 G120621B G110421B 11 250 nm 317 see G110421B 0.082
G24 G120721A G110321B 31 250 nm 336 see G110321B 0.064
G25 G120721B G110921A 31 250 nm 300 see G110921A 0.066
G26 G120721C G110221A 0 250 nm 340 see G110221A 0.098
G27 G120821A BaF: 31 1 pm 330 not measured 0.064
G28 G120921A BaF: 24 1 um 370 SR (vs Fe) 0.072
G29 GO011222B BaF: 23 1 um 370 not measured 0.071
G30 G011222C BaF: 31 1 pm 370 not measured 0.061
G31 GO011322A BaF: 12 1 um 370 ARPES/SR, RHEED 0.079
G32 GO011322B BaF: 30 1 um 365 0.1
G33 G011422A BaF: 11 1 pm 366 not measured 0.132
G34 GO011422B BaF: 15 1 um 334 ARPES/SR 0.079
G35 GO011522A BaF: 24 1 um 342 ARPES/SR 0.066
G36 G011522B BaF: 30 1 um 342 ARPES/SR 0.1
G37 GO11522C BaF: 26 1 um 340 ARPES/SR 0.069
G38 G042022A G102021A 0 1 um 160/350 XRD -

G39 G070822Ap BaF:(p) 27 1 um 342 AFM -
G40 GO070822Ac BaF:(c) 27 1 um 342 AFM -

G41 G092922A BaF: 27 1 pm 375 RHEED oscillations (Mn) -

G42 G102622A G092922A 28 10x10nm 353-96  RHEED oscillations -

Appendix Table B.3: List of Pb1.xXSnxSe samples, thinner than 150 nm, grown in Veeco GENxplor GM#2
MBE system. (c) stands for cleaved and (p) for polished substrate.

Sn content Growth T Annealing

name code substrate Thickness Comments
[%] [°C] T [°C]

G42 GM2_260220A BaF2 30 50 nm 205 350 -

G43 GM2_120321A BaF2 21 50 nm 180 340 -

G44 GM2_120321B BaF2 31 50 nm 205 345 -

G45 GM2_120321C BaF2 9 50 nm 185 340 -

G46 G121021A BaF2 (c) 26 30 nm 200 380 -

G47 GO071522A BaF2 (c&p) 26 120 nm 360 - 100 nm Se
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G48 G071822A BaF2 (c&p) 26 80 nm 215 380 100 nm Se
G49 G072022A BaF2 (c&p) 25 40 nm 225 390 100 nm Se
G50 G072522A BaF2 (c&p) 25 20 nm 210 380 100 nm Se
G51 G072822A BaF2 (c&p) 27 30 nm 205 380 100 nm Se
G52 G072922A BaF2 (p) 27 - 295/335 Se removal
G53 G080222A BaF2 (c) 27 60 nm 210 370 100 nm Se

Appendix Table B.4: List of Sn samples grown on hybrid (001) CdTe/GaAs substrate in Veeco
GENxplor GM#1 and GM#2 MBE systems.

. Thickness Growth T .
name code epilayer Studied by/Comments
[nm] [°C]
V1 GM2_290320A a-Sn 50 5 XRD
V2 GM2_290320C B-Sn 50 5 XRD
V3 GM2_200420A a-Sn 30 5 XRD (fringes), RHEED
V4 GM2_130720A a-Sn 150 0 -
V5 GM2_310820A likely B-Sn 130 0 milky surface
V6 GM2_040920A a-Sn 150 0 ARPES, CL
V7 GM2_060920A a-Sn 150 0 ARPES not measured
V8 GM2_180920A a-Sn 150 0 ARPES, CL
V9 GM2_220920A a-Sn 46 0 ARPES, CL
V10 GM2_240920A a-Sn 34 0 ARPES, CL
Vi1 GM2_240920B a-Sn 150 0 ARPES, CL, Eph, 3D maps
V12 GM2_260920A a-Sn 100 0 ARPES, 3D maps
V13 GM2_180221A a-Sn 150 0 XRD (wide range)
V14 G061521A a-Sn 50 0 AFM
V15 V020221B CdTe 5000 300 AFM

Appendix Table B.5: List of Pb1.xSnxSe samples from Riber 1000 system, studied by ARPES.

Sn content  Thickness )
name code substrate Studied by Comments
[%] [um]
ARPES, Mn Decap Se 15min at
R1 MBE_3431B KCl 26 1 g
deposition 330 °C
ARPES, Mn Decap Se 10/15/15min
R2 MBE_3440A  BaF2 30 1 g
deposition 200/330/330 °C
ARPES, Mn Decap Se 10/15/15min
R3 MBE_3440B BaF2 30 1 g
deposition 200/330/330 °C
ARPES, Fe  Decap Se 15min at
R4 MBE_3426A  BaF2 25 1 g
deposition 330 °C
ARPES, Fe  Decap Se 15min at
R5 MBE_3426B BaF2 25 1 g
deposition 330 °C
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RHEED patterns simulation script

Below code of RHEED patterns simulation Pyhon script is provided. This code was used to
generate images of simulated RHEED patterns in this thesis. To run this code Python
environment must be installed, as well as numpy, mathplotlib, and sympy modules must be
installed. The script was written with Python 3.10. Comments provide instruction on how to
run the script. The general flow of the script is as follows: an array of atoms is generated using
a user-defined set of basis vectors. Based on this, the reciprocal space array is calculated. Each
point of the calculated array corresponds to a top view of an infinite reciprocal space rod
perpendicular to the surface of the material. At this point azimuthal rotation defined by a
theha_deg angle is performed. A 2D Gaussian function (with user-defined broadening) is
used at each point of the reciprocal space array to simulate finite thickness of the rods. The
intensity of the points depends on the structure factor of the atoms. The resulting 2D image
is a sum of the Gaussians at positions of reciprocal space rods. This image (called RLRP,
reciprocal lattice rods projection, in the script) is then subjected to the transformation given
by system of Equations (3.5) and (3.6). In essence, this transformation is a geometrical
transformation of 2D x, y image through a 3D sphere to a 2D x, z image. Generated RHEED
image is then displayed and saved.

The code of the script is available at: https://github.com/turobart/RHEED-patterns.git

import numpy as np

import matplotlib.pyplot as plt

import math

import sympy as sym

from sympy.utilities.lambdify import lambdify
import time

start_time = time.time()

xSn = 0.3

latticeConstant = 6.490

theta_deg = 0.
theta = np.deg2rad(theta_deg)

sigma_x=0.1
sigma_y=0.1/3%*2

d = 32
incAngle = np.deg2rad(3.2)

acceleratingV = 15000
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electronWavelength = 12.247/math.sqrt(acceleratingV*(1l+acceleratingV*0.000001))
ko=2*math.pi/electroniWavelength

sampling size = 500

nv=(np.arange(-N,N+1))
mv=(np.arange(-N,M+1))

radius_shift = math.cos(incAngle)*ke
RotMatrix = np.array([[math.cos(theta), -math.sin(theta)], [math.sin(theta),

math.cos(theta)]])

kxmin, kxmax
kymin, kymax

-8, 8
radius_shift-ko, 1.25

def defineLattice(latticeAl, latticeA2, latticeUnitCellFactor):
latticeAl = (latticeAl)*latticeConstant*latticeUnitCellFactor
latticeA2 = (latticeA2)*latticeConstant*latticeUnitCellFactor

latticeBl = ((2*math.pi/np.cross(latticeAl, latticeA2))*np.array([latticeA2[1], -
latticeA2[0]])).round(5)

latticeB2 = ((2*math.pi/np.cross(latticeAl, latticeA2))*np.array([-latticeAl[1],
latticeA1[@]])).round(5)

latticeGxp=np.array([[i*latticeB1[@]+]j*latticeB2[@] for i in nv] for j in
mv]).round(4)

latticeGyp=np.array([[i*latticeB1[1]+j*latticeB2[1] for i in nv] for j in
mv]).round(4)

electron_scattering factor=[1,1]

atomPosition=[0,1]

aM=2

kx = np.linspace(kxmin, kxmax, sampling size)
ky = np.linspace(kymin, kymax, sampling_size)
XX, yy = np.meshgrid(kx, ky)

xxRot, yyRot = np.einsum('ij, mni -> jmn', RotMatrix, np.dstack([xx, yy]))

RLRP = np.zeros((sampling size, sampling_size))
for h in range(len(mv)):
for k in range(len(nv)):
structureFactor = sum((electron_scattering factor[aM-
1]*np.exp(((latticeGxp[h][k]+latticeGyp[h][k])*atomPosition[aM-1])*1j)) for i in
range(l, aM + 1))
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DiffIntensity = np.square(np.absolute(structureFactor))
RLRP += DiffIntensity*np.exp(-((xxRot-latticeGxp[h][k])**2/(sigma_x**2) +
(yyRot-latticeGyp[h][k])**2/(sigma_y**2)))

return RLRP

def calculateRHEEDarray(RLRP):
X,Y, Xe, ye = sym.symbols('x,y, xe, ye', positive = True)
dd, kk, aa = sym.symbols('dd kk aa', positive = True)

kx_c = np.linspace(kxmin, kxmax, sampling size, dtype=complex)
ky ¢ = np.linspace(kymin, kymax, sampling size, dtype=complex)
XX, yy = (np.meshgrid(kx_c, ky_c))

eqgs = (-sym.sqgrt(dd**2*xe**2)/(kk*sym.cos(aa) - ye),
dd*sym.sqrt(kk**2*sym.sin(aa)**2 + 2*kk*ye*sym.cos(aa) - xe**2 -
ye**2)/(kk*sym.cos(aa) - ye))

values = {kk: k@, dd: d, aa: incAngle}

solsol = sym.Tuple(eqs).subs(values).simplify()

func = lambdify((xe,ye), solsol, 'numpy")

numpy_array_of_results = np.real((func(xx, yy)))

plot_name = ‘Angle %.2f"' %theta_deg

plot_numpy = plt.figure(plot_name)

plt.axes().set_aspect('equal ")

plt.pcolormesh(numpy_array_of results[0][@], numpy_array_of_results[0][1], RLRP,
cmap="gray ")

plt.ylim(@, 5)

plt.xlim(-4, 4)

if theta_deg%1>0:
fig name = 'Angle %.2f"' %theta_deg
fig _name += '.png’
print(fig_name)
else:
fig name = 'Angle %d' %theta_deg +'.png’
plot_numpy.savefig(fig_name, bbox_inches='tight',transparent=True,format="png")

all = np.array([math.sqrt(3)/2, -1/2])
al2 = np.array([0., 1.])
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UnitCellFactor = math.sqrt(2)/2

RLRP1 = defineLattice(all, al2, UnitCellFactor)

RLRP = RLRP1
RLRP = RLRP /np.max(RLRP)
RLRP = np.array(RLRP * 255, dtype = np.uint8)

calculateRHEEDarray (RLRP)
print("--- %s seconds ---" % (time.time() - start_time))
plt.show()

Technical scripts

Parameters monitor script for GM#1 and GM#2:
(Python)
— Monitoring of flow and temperature of water in water enclosures of the effusion cells;
— Monitoring of turbo pumps parameters;
—  Monitoring of cryo pumps temperature;
— Datalogging and graph display of all monitored parameters.

Server deployed on Raspberry Pi computer:
(HTML, CSS, JavaScript, php, SQL and Python)
— Automatic and remote control over flow of liquid nitrogen to GM#1 and GM#2;
—  SMS notifications in the case of the predefined emergency;
— Remote control of GM#1 RHEED shutter;
— Light control in the laboratory

[ wrote both front-end (visual part) and back-end (communications, data transfer).

Portable temperature logging device, based on Raspberry Pi, for Edwards Cryo-Torr
Cryopumps.
(Python)

— Datalogging of the temperature;

— Remote access in local network.

Igor and Python scripts for data analysis:

The scrips are available at https://github.com/turobart/IgorPro-tools-ARPES.git
—  plot 3D cube maps from 3D ARPES data;
— dynamically fit the band structure of the studied materials;

— generate spin polarization graphs form raw experimental data.


https://github.com/turobart/IgorPro-tools-ARPES.git
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