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Abstract

Topological insulators have been among the most intensively studied group of materials
in condensed matter physics over the past twenty years. They contain theoretically predicted
new quantum states of matter, characterized by unique properties that lead to the formation of
metallic surface states, a key feature of these materials. The exceptional electronic structure of
these materials and their potential applications in various fields have attracted the attention of

numerous research groups.

The aim of this doctoral dissertation was to determine the impact of an ultra-thin layer of
transition metals, iron, and cobalt, on the electronic structure of the surface states of BizTes. The
study also explains changes in the core states of this material during the formation of an
interface with the deposited transition metals. Using research techniques such as angle-resolved
photoemission spectroscopy (ARPES), photoelectron spectroscopy (PES), X-ray absorption
spectroscopy (XAS), and circular dichroism-ARPES (CD-ARPES) that utilize synchrotron
radiation, the physicochemical structure of the created transition metal-topological insulator
interface/junction was determined. ARPES and CD-ARPES studies were also conducted to
illustrate the dispersion dependence of the surface states and the top of the valence band before
and after the deposition of the iron and cobalt layers, as well as to determine the impact of the

deposited structures on the possibility of opening an energy gap (band gap).

The results obtained through angle-resolved photoemission spectroscopy revealed band
bending phenomena and the lifting of the degeneracy of the states at the top of the valence band
and the bottom of the conduction band. Additionally, photoelectron spectroscopy provided
information about the formation of additional phases, such as metallic Bi and compounds like
FeTe and CoTe during the deposition of transition metals. Using X-ray absorption spectroscopy
and circular dichroism techniques, the magnetic properties at the transition metal-topological

insulator boundary were determined.

The dissertation also provides a detailed discussion of the technique of synchrotron radiation

generation.



Streszczenie

Izolatory topologiczne stanowig jedne z najbardziej intensywnie badanych materiatlow
w fizyce materii skondensowanej w ostatnich dwudziestu latach. Zawierajg one przewidziane
teoretycznie nowe kwantowe stany materii, charakteryzujace si¢ unikalnymi wlasciwosciami
prowadzacymi do powstawania metalicznych stanow powierzchniowych, stanowigcych
kluczowg ceche tych materiatow. Wyjatkowa struktura elektronowa tych materialéw oraz ich
potencjalne mozliwo$ci wykorzystania w roznych dziedzinach, przyciagnety uwage licznych

grup badawczych.

Celem pracy doktorskiej byto okreslenie wptywu ultra cienkiej warstwy metali przejSciowych,
zelaza oraz kobaltu, na strukture elektronowg stanow powierzchniowych Bi.Tes. W pracy
przedstawiono takze wyja$nienie zmian stanéw rdzeniowych tego materiatu podczas tworzenia
interfejsu z naniesionymi metalami przejsciowymi. Przy uzyciu technik badawczych, takich
jak katowo rozdzielcza spektroskopia fotoemisyjna ARPES, spektroskopia fotoelektronow
PES, spektroskopia absorpcji rentgenowskiej XAS oraz dichroizmu kotowego w ARPES, CD-
ARPES, wykorzystujacych promieniowanie synchrotronowe, okreslona zostata struktura
fizykochemiczna utworzonego interfejsu/zlacza metal przejsciowy - izolator topologiczny.
Przeprowadzone zostaty takze badania ARPES oraz CD-ARPES, dzi¢ki ktorym zobrazowano
zaleznos$¢ dyspersyjng stanéw powierzchniowych oraz szczytu pasma walencyjnego przed i po
osadzeniu warstwy zelaza oraz kobaltu, oraz okre§lono wptyw naniesionych struktur na

mozliwo$¢ otwarcia przerwy energetycznej (szczeliny pasmowej).

Wyniki uzyskane dzieki katowo rozdzielczej spektroskopii fotoemisyjnej, wykazaty zjawiska
zakrzywienia pasm oraz zniesienia degeneracji stanOw szczytu pasma walencyjnego oraz dna
pasma przewodnictwa. Dodatkowo, spektroskopia fotoelektronow dostarczyta informacji o
formowaniu dodatkowych faz, takich jak metaliczny Bi oraz zwiazkéw FeTe 1 CoTe w trakcie
depozycji metali przejsciowych. Przy zastosowaniu technik spektroskopii absorpcji
rentgenowskiej oraz dichroizmu kotowego okreslone zostaty wlasciwosci magnetyczne na

granicy metal przej$ciowy - izolator topologiczny.

W dysertacji szczegotowo omodwiona zostala takze technika wytwarzania promieniowania

synchrotronowego.



Chapter 1 Introduction

This chapter provides a comprehensive introduction to topological insulators, presenting an
overview of their fundamental properties and significance in condensed matter physics. It
discusses key experimental findings in the field, with a focus on the challenges and
considerations involved in combining topological insulators with magnetism, laying the

groundwork for understanding magnetic topological insulators and their potential applications.
1.1 Brief overview and significance of Topological Insulators

Three-dimensional (3D) Topological Insulators (TIs), a new class of condensed matter,
are characterized by a unique electronic band structure that features metallic Dirac surface states
generated by spin-orbit coupling. These surface states exist within the valence and conduction
band gaps alongside insulating bulk states. Protected by time-reversal symmetry, these surface
states exhibit exciting properties such as spin-momentum locking and linear dispersion. Since
their inception, TIs have been regarded as highly promising materials for spin-electronic and
magneto-electronic applications, leading to significant scientific interest in studying and

understanding how to modify the electronic structure of these materials.

To fully exploit the potential of TIs in spintronic or nanoelectronic devices, it is crucial to
understand how magnetic modifications of the TI surface will impact the electronic structure.
Introducing an external magnetic field to TIs can break time-reversal symmetry, potentially
leading to gap opening at the Dirac point of the helical states and altering the spin texture,
thereby giving rise to various physical phenomena usable in spintronics applications. One
straightforward method to induce magnetic order in TIs is by incorporating magnetic atoms
(e.g., transition metals) into the TI matrix. The alignment of the s and p orbitals of TI bands,
contributing to metallic surface states, with the d and f orbitals of transition metals through
exchange coupling interactions, makes these elements ideal candidates for introducing

magnetic order into the system.

Moreover, besides achieving gap opening, another crucial consideration is the chemical
potential. Ideally, the chemical potential (Fermi level) should be positioned in the middle of the
gap. Tuning the Fermi level can be achieved by n- or p-doping the TI with elements that do not
necessarily exhibit magnetic properties. The understanding and realization of the gap opening

process are essential for achieving many unique quantum effects such as the quantum



anomalous Hall effect, axion insulators, or chiral Majorana modes. The concept and theoretical

framework of TIs and the influence of magnetic fields will be further discussed in Chapter 2.

1.2 Key considerations and experimental findings

In the field of magnetic topological insulators (MTIs), several unresolved problems,
crucial for advancing both fundamental understanding and practical applications, are open.
These challenges primarily concern the technical aspects of material synthesis, the intrinsic
properties and phenomena associated with MTIs, and the development of precise
characterization techniques necessary for probing their complex electronic and magnetic
behaviors. Achieving stable and well-controlled magnetic ordering in MTIs remains a key
challenge, along with determining the fundamental conditions necessary for the observation of
topological insulator-related phenomena. The exact nature of the topological surface states,
particularly in the presence of magnetic ordering, is still not fully understood. Precise
engineering of the electronic band structure in MTIs to achieve desired properties continues to
be a focus of research. Additionally, understanding the interaction between spin-orbit coupling
and magnetic moments is crucial for predicting and controlling MTI properties. The
relationship between magnetic doping or intrinsic magnetism and the stability of the topological
phase, as well as the occurrence of Tl-related phenomena, also demands further exploration.
The effects of disorder and defects on the realization of the quantum anomalous Hall effect
(QAHE) in MTIs remain unclear, as the underlying mechanisms are not yet fully understood.
Finally, more effective experimental methods for characterizing MTIs are needed to overcome

the limitations of current techniques, which often struggle to resolve fine details.

Recent studies have identified two promising approaches to combine magnetism with TIs: the
magnetic proximity effect and magnetic doping. Alternating stacking of TIs with
ferro/antiferromagnetic materials offers a versatile method to create TI-based magnetic
heterostructures and superlattices. However, realizing structures such as magnetic topological
insulators is nontrivial and requires meeting several conditions. The magnetic film must possess
long-range ferromagnetic properties that survive stacking with the insulator, and a
perpendicular easy magnetization axis is also necessary. Additionally, precise control over the
film thickness is crucial to achieve the predicted band gap while maintaining metallic surface
states, ensuring it does not exceed the ferromagnetic exchange energy. Finally, the chemical

potential must be tuned to match the magnetic gap of the surface states.



Fabrication of well-defined structures is challenging but achievable using techniques such as
Molecular Beam Epitaxy (MBE). Magnetic doping of TIs can be realized through various
methods, with the most popular and successful approaches involving the use of MBE setups.
This method enables precise control over parameters such as film thickness and element
stoichiometry, crucial for the electronic band structure. One approach to magnetic doping is to
introduce magnetic impurities at the surface of 3D TIs. This method offers the opportunity to
grow very thin "layers" on the material's surface, creating an interface at the top that will alter
the electronic structure of the substrate. During the growth of the interface, various physical
and chemical processes may occur, such as downward or upward band bending (via n- or p-
doping), chemical reactions at the surface, or element substitution, all of which will influence

the electronic band structure of TIs.

To form a TI, strong spin-orbit coupling is required to sufficiently modify the electronic band
structure. Materials with such properties needed to be identified. While spin-orbit coupling
strengthens with heavier elements, it alone is not enough for realizing TIs. The energy band gap
must not exceed the energy of the spin-orbit coupling, as the coupling will not be able to alter
the phase of the valence and conduction bands. Semiconductors with narrow band gaps made
of heavy elements, such as the Sb,Tes, Bi,Ses, and BiTe; materials, were found to exhibit
topological insulator behavior. Bi>Se; and BixTes are of particular interest due to their relatively
simple band structures and the simplest surface states allowed. The combination of a large bulk
band gap of up to more than 0.2 eV with simple surface states opens up possibilities for various

experiments involving electronic band structure modification and engineering.

In Chapter 2, I will present detailed literature review of 3D TIs, especially Bi>Tes, and recent
progress in the field. To track and study changes in the electronic band structure of TIs,
sophisticated techniques are required to map surface bands. Popular methods include Angle
Resolved Photoelectron Spectroscopy (ARPES), Spin-ARPES, and Scanning Transmission
Microscopy (STM). ARPES allows scientists to measure the dispersion relation of electrons in
the material with very high spatial and energy resolution, which can be as high as 1.5 meV.
However, sample preparation for ARPES is challenging due to the requirement for samples with
well-defined crystal structures. Synchrotron radiation (SR) offers significant advantages for
studying TIs, including tunable excitation energy and polarization of the light, which provide
alternative ways to study electronic structure and magnetic properties. In Chapter 3, I will
provide a brief overview of SR generation theory, its advantages, and the challenges associated

with probing materials using this type of light.



1.3 Scope and Objectives of the Thesis

The scope of this thesis includes a detailed investigation of the electronic structure and
magnetic properties of the three-dimensional topological insulator Bi>Tes, particularly when
capped with transition metals such as Fe and Co. The study was conducted using a single crystal
of BiyTes, fabricated via the MBE method by the external company MaTeck. The surface of the
crystal was prepared for electronic structure analysis through mechanical exfoliation. This
research primarily aims to elucidate the impact of transition metal deposition on the surface
states and overall electronic structure of Bi>Tes. Key experimental techniques employed in this
study include ARPES, X-ray Photoemission Spectroscopy (XPS), X-ray Absorption
Spectroscopy (XAS), and Circular Dichroism - Angle Resolved Photoemission Spectroscopy
(CD-ARPES), all conducted using synchrotron radiation. The scope also extends to analyzing
the challenges encountered in forming a clean transition metal interface on Bi.Tes and the
resultant phase formations due to chemical interactions. Explanation of the generation process
of synchrotron radiation and its influence on the experimental outcomes is also within the scope

of this thesis.
The main objectives of my thesis are focused on several aspects:

e First one is focused on investigation of the electronic structure of Bi:Tes, particularly
the behavior of its surface states when capped with transition metals like Fe and Co, and
to examine potential gap openings or changes in the electronic structure induced by
these magnetic layers.

e The next one refers to characterization of the interface between Bi.Tes; and transition
metals, addressing the challenges posed by chemical reactivity that can lead to the
formation of stable phases, including layers of pure elements or intermediate phases
between the elements in the examined system.

e Additionally, magnetic properties of the transition metal interface will be explored using
techniques like XAS and CD-ARPES.

e Advanced spectroscopic methods, including ARPES and XPS will be employed to
probe the band structure and electronic states of the system, with special attention to
quantized conductivity bands and valence band behavior.

¢ Finally, the role of synchrotron radiation in enhancing experimental measurements will
be evaluated, to highlight its importance in achieving high-resolution spectroscopic

data.



e These objectives aim to provide a detailed understanding of the interplay between
topological insulators and transition metals, advancing knowledge in the field of

condensed matter physics.
Chapter 2 Theoretical and experimental aspects of topological insulators

This Chapter provides an overview of both the theoretical and experimental aspects of
topological insulators. Section 2.1 discusses the fundamental role of symmetry and topology
in defining the unique properties of topological insulators. Section 2.2 delves into the theoretical
framework, including band theory and the insulating state, the relation between the Integer
Quantum Hall Effect and topological insulators, and the nature of surface and edge states.
Section 2.3 summarizes key experimental studies, covering the realization of 2D and 3D
topological insulators, the role of heavy-element bandgap semiconductors, the crystal and

electronic structure of Bismuth Telluride, and the effects of doping in Bi,Tes.
2.1 Symmetry and topology

Symmetry, in mathematics, is the transformation that leaves an object or system
unchanged. For example, a sphere exhibits rotational symmetry — you can rotate it, change its
orientation, and the sphere remains the same. The fact that objects, systems, or even the entire
universe obey symmetries determines that the laws of physics remain the same under certain
transformations, and each of these symmetries imposes the conservation of a quantity.
Conservation of momentum corresponds to translational symmetry, angular momentum to
rotational symmetry, energy to the symmetry of time, and charge to gauge symmetry. This
principle is known as Noether's theorem. Understanding symmetries helps simplify the
description of nature and can also be used to classify phases of matter. Landau explained that
some phases of matter, such as magnets and superconductors, can essentially be understood as

systems with spontaneously broken symmetries.

Figure 1 The SOLARIS mug and the Krakow pretzel are topologically indistinguishable because they
share the same genus value of 1 (number of holes) and can be smoothly transformed into each other. In

5
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contrast, the German pretzel has a genus value of 3, making it topologically distinct, meaning that neither
the mug nor the Krakow pretzel can be smoothly transformed into the German pretzel in a topological
sense.

Topology is powerful branch of mathematics that helps physicists expand the description of
matter. Topology describes objects that remain the same under smooth, continuous
deformations, for example, a SOLARIS cup transforming into a Krakow pretzel but into the
German pretzel! As illustrated in Figure 1, the cup can be smoothly deformed into the Krakow
pretzel because they are topologically equivalent. Generally, this means that the cup and the
Krakow pretzel have the same number of holes, and this number is called the integer topological
invariant or genus g. Recently, topology has played a significant role in distinguishing and
classifying materials. Combining symmetry and topology has led to an understanding of certain
groups of electronic materials classified as topological phases. The importance of topology in
the field of science is highlighted by the fact that the 2016 Nobel Prize in Physics was awarded
for the discoveries of topological phase transitions and topological phases of matter! (for

Thouless, Haldane, and Kosterlitz).

The concept of topological order was developed in the 1980s to understand the quantum Hall
effect’. Thirty years later, another topological phase was discovered, where a combination of
spin-orbit coupling, inversion and time-reversal symmetry led to extraordinary phenomena,

with topology playing a key role in their description — these are known as topological insulators.
2.2 Topological Insulators theory

2.2.1 Band theory and insulating state

One of the most significant discoveries in theoretical physics was the description of the
solid state in terms of their electrical properties, as understood by Wilson®. He classified crystals
into insulating and metallic states based on a theory whose foundations lie in the newly
described quantum world - the Band theory*. Band theory is one of the earliest theories to
emerge from the quantum description of matter and systematizes the description of the
electronic properties of solid state, more precisely, the crystalline state. The theory leverages
crystal translation symmetry and allows for the expression of every electron in terms of the

crystal momentum k defined in the periodic Brillouin zone. These electron states can be
described by wave vectors |1/J(k) > = eikr|u(k) >, where |u(k) > is eigenstate of the Bloch
Hamiltonian H(k)

H(k) = etk"He~ikr 2.1



and all of the eigenvalues E,,(K) are defining the electronic band structure.

Based on the band theory, we can describe the state of an insulator. An insulator is the simplest
state occurring in solid-state physics. It is characterized by electrons strongly bound to atomic
nuclei - in insulators, mainly covalent bonds are present. However, their most significant
property is the energy gap that separates the filled valence band from the unfilled conduction
band (it's important to note that, according to quantum theory, vacuum is also considered an
insulator). The question that arises is whether every insulator state is the same. Surprisingly, the

answer 1S no.

2.2.2 Integer Quantum Hall effect and Topological Insulators

The most popular example in the literature confirming that not every insulator is the
same is the integer quantum Hall effect’. This phenomenon can be observed when a two-
dimensional electron gas (2DEG) interacts with a strong external magnetic field. Electrons
moving along circular orbits with a specific cyclotron frequency w become quantized, leading
to Landau level quantization. If we assume that » Landau levels are filled and the rest are
unoccupied, we observe an energy gap between these two levels - just like in an insulator.
However, in this process, an electric field will be generated, which will cause drift of cyclotron
orbits. This drift results in the generation of Hall current, which is described by the quantized

Hall conductivity

=— 2.2

However, if we treat the Landau levels as a band structure and assume that this structure can be
described within the framework of regions with periodic potential, then the Bloch theory allows
for describing these states by k- which ultimately leads to the dispersion of energy levels with
k. As a result, we obtain a band structure very similar to that of an insulator state. The answer
to why the quantum Hall effect is different from the insulator state can be found within the

Topology.

The 2D band structure can be described by a k-dependent Hamiltonian, known as the Bloch
Hamiltonian. A band structure that possesses an energy gap can be described by equivalent
classes of Bloch Hamiltonians, where smooth deformations from one Hamiltonian to another
do not result in the closing of the gap. These classes are characterized by a topological invariant

n € Z, called the Chern invariant. The Chern invariant is a mathematical construct that can be



physically described by the Berry phase associated with the Bloch function. Knowing that the

Bloch state is invariant under transformation

lu(k)) > e ®u(k)) 23

We can defined the Berry connection

A = —i{u(k)|Vy|u(k)) 2.4
That it transform as A - A + V¢ (k) with 3.7 And accordingly, we can define the Berry

curvature for a closed loop C in the k-space as

Yo =$.Adk = [[Fd’k 2.5
where F =V X A is the Berry curvature (S is related to the closed surface). The Berry phase
is one of the most important concepts in band theory. It describes the quantum adiabatic
transport of a particle in a slowly changing field, such as an electric or magnetic field. Such
transport occurs in the Bloch crystal structure (the motion of electrons within the band, which
can be viewed as motion along a closed loop in momentum space). And it can be shown that
for such transport occurring in the 2D Brillouin Zone, the topological invariant, called Chern

number, is quantized and can be expressed as

n=_[ Fd’k 2.6
Generally, the Chern number n cannot change when the Hamiltonian changes smoothly, and
based on the Gauss-Bonnet theorem, it is related to the genus g. This invariant plays a crucial
role in explaining the integer quantum Hall effect, thanks to the TKNN theory®, which showed
that the quantized Hall conductivity is precisely the Chern number.

2
e
Oxy = UW 2.7

where v is the TKNN number (Chern number).

To delve further into the description of the quantum Hall effect, we need to invoke Haldane's
theory?, which describes the emergence of this phenomenon in graphene in a periodic magnetic
field. Graphene’ is a material where the valence band and conduction band touch at two specific
points in the BZ, and near these points, a linear dispersion of massless particles described by
the Dirac equation is observed. Haldane's theory assumes that the Bloch Hamiltonian in the

two-band model for p, orbitals of two atoms in the unit cell can be expressed as

H (k) = h(k) 2.8



where ¢ are Pauli matrices (¢ = (0, gy, 0,)) and h(k) = (h,(k), h,(k),0). Factor h,(k) = 0
because combination of inversion P and time-reversal symmetry T requires it (for P: h,(k) =
—h,(—k) and for T: h,(k) = h,(—k)). This leads to the emergence of a Dirac point, because
h(k) can have zeros in two dimensions. According to this theory, graphene exhibits two so-
called 2D massless Dirac Hamiltonians with linear dispersion.. In principle, breaking time
reversal or inversion symmetry should open the gap in this massless states, leading to an
ordinary insulator state. However, Haldane showed within this theory that this state is not

insulating but rather has a quantized Hall conductivity.

2.2.3 Surface and edge states

One of the main consequences of applying topology in the classification of materials with
an energy gap is the existence of gapless conducting states on the surface of such materials (at
the interface where the topological invariant changes). The conducting states on the surface
were predicted by Halperin® in the integer quantum Hall state, and they can be described as
states moving along cyclotron orbits, bouncing off the edges (edge state). These surface states
are not dependent on impurities or structure disorder (because there are no available states for
backscattering), making them ideal one-dimensional conducting channels (unlike bulk states).
The formation of these energy channels can be explained based on filled Landau levels, which
are quantized. Each such level acts as a generator of an edge channel. Ultimately, the number
of these levels is closely related to the topological invariant and thus to the quantization of Hall
conductance. However, the most important aspect is that in the quantum Hall effect, all bulk
states are localized, while electrons on the surface form conducting channels characteristic to
the topological phase. An alternative explanation for the formation of edge states (these states
are chiral, meaning they propagate along the edge in only one direction) can be presented
through Haldane's theory. In this case, when we change the Hamiltonian near the surface, it
allows for a change in the dispersion of edge states. This change affects how many times the
Fermi level is crossed by the edge state - there are two possibilities: with positive or negative
group velocity. The number of such crossings cannot change and is determined by a topological

invariant in the so-called bulk-edge correspondence

NR - NL = An 29
Ngrand N are right (positive velocity) and left (negative velocity) modes and An is the difference
in the Chern number across interface (odd number of crossing implies existence of the metallic

edge states).



According to Haldane's theory, breaking time reversal symmetry leads to the emergence of a
topologically nontrivial state such as the quantum Hall effect. However, this simplistic model
does not account for a very important property of particles, spin. Spin was introduced into
topological phase theory in 2005 by Kane and Mele’ through the introduction of spin-orbit
coupling, which allows for the formation of a nontrivial insulator phase while not breaking the
time reversal symmetry. In this theory, an important role is played by time reversal symmetry

(for fermions), which is represented by an antiunitary operator ®, which 8 = —1 for an
electron with spin 1/ o. From all above considerations, the time reversal symmetry invariant

Bloch Hamiltonian must satisty

O H (k)0 ! = H(—k) 2.10
and must not close the energy gap by smoothly deformed. Together with the application of
Kramers theorem (the eigenvalues of Hamiltonian are doubly degenerate) and bulk-edge
correspondence, this theory introduced a new topological invariant (time reversal
classification), Z, invariant'®, which takes values 0 or 1 (for TKNN invariant equal 0) and can
be calculated for real 2D materials. Based on this theory, by performing electronic structure
calculations, one can determine whether a given material exhibits surface metallic states. In
other words, it is possible to state whether a material qualifies as a 2D topological insulator or
not. As move up in dimensionality, the concept of topological insulators can be generalized
from 2D to 3D (unlike the quantum Hall effect). According to bulk-edge correspondence, for a
3D topological insulator, the invariant takes on four values (vgy;Vvy,Vq,v3)1-13 where v,
describes how many times the Kramers points enclosed the Fermi circle (odd times for
topological insulator and vy = 1 for strong 3D topological insulator). The surface electronic
structure of a strong topological insulator resembles that of graphene, but unlike graphene, it
possesses only a single Dirac point (four in the case of graphene). The existence of surface
states in an topological insulator can be visualized on materials with inversion symmetry'?,
Figure 2, and by applying Dirac theory, which requires the mass term to change sign at the

interface in such a case.
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Figure 2 A simple illustrative presentation of the phenomena driving topological insulators and the

existence of surface states. In a trivial insulator, parabolic conduction and valence bands (p-type) are
distinguishable a), with the Fermi level located in the gap between these two bands. In materials with a
high atomic number Z, the bands near high-symmetry points, such as I, can cross (b) in the absence of
spin-orbit coupling (SOC). When SOC is present, this band crossing becomes unstable, leading to the
opening of a gap, resulting in a non-trivial insulator with inversion symmetry, where the chemical
potential is situated in the gap c). In d), the transition between a non-trivial insulator (left) and a trivial
insulator (right, vacuum) is depicted. At the trivial-non-trivial interface, the transition is not smooth
(different Chern number), necessitating the closure of the gap, which leads to the existence of surface
states at the surface of the material, as shown in d).

The surface states generated in a strong topological insulator form a kind of flat metal'!:!>

on
the surface. However, unlike a typical metallic state, in a topological insulator, the spin is not
degenerate - time-reversal symmetry requires the spin to rotate as it moves across the Fermi

surface. This behavior leads to the emergence of nontrivial Berry curvature, which has
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consequences such as surface states being unable to localize even in the presence of strong

disorder.
2.3 Overview of Experimental Studies on Topological Insulators

2.3.1 Experimental realization of 2D and 3D Topological Insulators

The first theoretically predicted material that was supposed to fulfill the requirements of
a quantum spin Hall insulator (a 2D TI) was graphene’. The realization of the assumptions of a
topological insulator in graphene was challenging due to its weak spin-orbit coupling and
narrow energy gap in this material. Therefore, theoretical efforts were initiated to find materials
composed of heavier atoms (strong spin-orbit coupling). These efforts were successful both
theoretically'®, in 2006, and experimentally!’, in 2007, and was achieved in the class of

semiconductors Hg;—xCdyTe.
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Figure 3 Layered CdTe/HgTe/CdTe quantum-well structures a). Longitudinal resistance of various
quantum-well structures as a function of the gate voltage measured in zero magnetic field at 30 mK b).

2
Structures show quantized conductance of 2€ / > giving evidence for the 2D TI phase!”!%,

In this experiment, investigations of the transport properties of quantum wells in
Hg/Te(Hg,Cd)Te material were conducted as a function of gate voltage, magnetization, and the
thickness of the epitaxial layer. The research group demonstrated a transition from the insulator
phase to a non-trivial insulator phase (to the spin quantum Hall state) under these conditions.
The proof of the existence of this phenomenon in 2D triggered an avalanche of theoretical

L1215 aimed at creating a 3D topological insulator. Before discussing 3D TI’s, we need

solutions
to consider how we can classify topological phases. It is known that not every material can be
considered as a TI. There exists a theoretical framework, developed within the field of

topological band theory, which allows for the definition of the topological class of materials
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capable of exhibiting such properties. This description is based on specific symmetries and

dimensions'®!°. There are three topological classifications: Z, Z, and 0, which correspond to

the quantum Hall state, topological insulators, and superconductors, respectively.

Table 1 Periodic table of Topological state.

Symmetry d
AZ (G} E I1 1 2 3 4 5 6 7 8
A 0 0 0 0 Z 0 Z 0 Z 0 Z
Alll 0 0 1 Z 0 Z 0 Z 0 Z 0
Al 1 0 0 0 0 0 Z 0 Z, 7, Y/
BDI 1 1 1 Z 0 0 0 Z 0 Z, 7
D 0 1 0 Zy Z 0 0 0 Z 0 7
DIII -1 1 1 Zl 7,3 Z 0 0 0 ¥/ 0
All -1 0 0 0 7 75 Z 0 0 0 Z
CII -1 -1 1 Z 0 7 7, Z 0 0 0
C 0 -1 0 0 Z 0 Z Z Z 0 0
CI 1 -1 1 0 0 Z 0 7, 75 Z 0

The so-called Periodic table of Topological Insulators Table 1 provides a framework for

exploring various phases in the field.

Transitioning from 2D to 3D is not as straightforward due to the requirements that a three-

dimensional material must meet (described in Chapter 2). Regardless, tremendous progress has

been made in this field in the development of 3D materials. The first one was to be discovered

was the alloy BixSb;i—x**2!. In this experiment a high resolution ARPES data was collected for

the single-crystal samples Figure 4. This pioneering experiment has set the pace for new

discoveries in field of 3D topological insulators.

Topological Hall insulator
3 4,5

W

02 -01
Eg(eV)

Figure 4 ARPES measurement of the topological gapless surface states in bulk insulating Bio.oSbo.i”’.

In the case of 3D topological insulators, transport measurements can be challenging due to the

difficulty in separating surface conductivity from bulk conductivity. However, ARPES has
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proven to be an ideal tool for studying surface states in these materials*>?*. ARPES allows for
the investigation of the electronic band structure of a material, enabling imaging of surface
states with high energy and momentum resolution. With its high resolution in the valence band
regime, ARPES distinguishing surface states from bulk states. Surface states tend to exhibit
characteristic features that can be easily identified; for example, their intensity may
significantly differ from bulk states. Additionally, surface states do not vanish in the direction

perpendicular to the surface, further aiding their identification via ARPES.

2.3.2 Bandgap semiconductors of heavy elements

It has been recognized that the most promising materials for realizing topological
insulators are those build of elements with high atomic mass. This is because heavy elements
enable the formation of strong spin-orbit coupling. Among this new generation materials’* were
narrow-bandgap semiconductors made of heavy elements. The first group of such materials
were compounds like BixSes, BioTes and SboTes. The initial reports on the realization of the new
generation of topological insulators emerged in 2008 and 2009%, primarily focusing on the

25-29

material Bi>Ses and it was demonstrated that this compound, with a very wide energy gap

of 0.3 eV, belongs to the group of topological insulators Figure 5.
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Figure 5 Bi»Se; surface states, ARPES data collected for I'-M a) and I'-K b) direction along the BZ”.

The same observations were made for Bi2Tes and Sb,Tes compounds. The entire group of
compounds is classified as strong topological insulators. In the following years, tremendous

efforts were made to characterize other materials exhibiting similar properties. Table 2
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presented several selected compounds that exhibited topological insulator properties (shortly

after the first experimental confirmation of 3D TI’s).

Table 2 Summary of experimentally confirmed topological insulators’’

Type (according Material Band gap
to')
2D, strong CdTe/HgTe/CdTe ~10 meV"’
2D, strong AlSb/InAs/GaSb/AISb | ~4 meV?!
3D, strong Bi;xSby ~30 meV?°
3D, strong Sb Semiconductor?!
3D, strong BizSe; 0.3eV?¥
3D, strong Bi,Tes 0.17 eV*
3D, strong Sb2Te3 0.3 eV
3D, strong (B1,Sb),Tes ~0.2 eV3*
3D, strong BirTe1.6S14 0.2 eV
3D, strong PbBi,Tes ~0.2 eV3¢
3D, TCI SnTe 0.3 eV’
3D, TCI Pb;xSnyTe ~0.3 eV3®

2.3.3 Crystal and electronic structure of Bismuth Telluride

Bismuth telluride, Bi>Tes, has been a well-known material with excellent thermoelectric
properties since the 1950s and 1960s*°, which have been improved over the years*’. Due to its
good thermoelectric properties, other phases of Bi-Te have been studied. According to the phase
diagram of Bi-Te (Figure 6), it forms seven stable compounds, including Bi>Tes, which is stable
in a very narrow compositional range (Bi 40% and Te 60%) and exhibits the highest formation

temperature among all the studied phases.

15



600« 586 C
550
U 5004 /|
5 /]
450 g
@ 0= a20¢ 7/
% 400+ srsc|
© 350+ 4
2 .0 312C_ 1
E 3004 266 C
= 2504232 P ol [ 8|3
sl & o2 |8
200 Ely = Elef [zl
S| @ oo fo|o
150
100 4<(Bi) I RN
£0 [ RRIIBE
T [ ARLIBE
0 [ LI
L] L) L) ) L) L)
0 10 20 30 40 50 60 70 8 90 100
Bi Te, at% Te

41,42

Figure 6 Bi-Te phase diagram

Since the prediction and experimental evidence of the existence of topological insulator
properties in this material, it has regained the attention of scientists and is considered a potential
candidate for spintronics applications. BiTe; is layered materials with a rhombohedral crystal
structure (space group Dj;(R3m)). The unit cell (parameters for hexagonal cell are a =
4.3954, ¢ = 30.44A, a0, p = 90°,y = 120°) is composed of five hexagonal layers with
stacking sequence of Te(1)-Bi-Te(2)-Bi-Te(1) which create a quintuple layer (QLs) Figure 7.
a). The bonds within QL have a covalent character, however, at the connection of two QLs
(Te(1)-Te(1)), the bond exhibits van der Waals character (vdW). This is due to the significant
distance between the two Te(1) layers, approximately 3.65 A, which is considerably larger than
the typical covalent bond distance for Te-Te (2.7 A)*. Due to the strong covalent bonding
within QLs and weak vdW interactions at the QL-QL interface, BioTes is a material that

naturally cleavage easily along the weak interlayer bond.
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Figure 7 BiyTes crystal structure. a) hexagonal unit cell*, b) the Brillouin zone of the rhombohedral
cell* and c¢) is the Bi,Tes 2D Brillouin zone.

Experimental and theoretical studies of the electronic structure of materials exhibiting 3D
topological insulator properties are a major focus in contemporary solid-state physics. Due to
its wide energy gap and rich electronic structure, BioTe; is an ideal subject for research due to
induced modifications in its electrical properties, such as surface modifications or the
introduction of defects or structural dopants. Theoretical calculations using first-principles
local-density FLAPW* and ab-initio DFT methods*®*” show that the direct gap occurs in the
high symmetry point I' in the Brillouin zone (Figure 7 a)). Typically for materials with heavy
atoms, such as Bi and Te, calculations are performed with SOC. In the Figure 8 b), we can see
a significant contribution of SOC in the electronic structure of BiTes. Considering SOC, which
leads to phenomena such as band inversion at the gamma point, we can observe the emergence

of a non-trivial energy gap.
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Figure 8 BixTes;, DFT (LDA), band structure calculation for a) bulk and b) slab. Red and blue lines
indicates calculation with and without SOC, respectively”’.

Strong SOC in BizTes leads to various phenomena such as the opening of the energy gap, well
degeneracy, a rich electronic structure, and ultimately to the emergence of surface states.
Surface states, due to being protected by time reversal symmetry, are resistant to surface
perturbations (e.g., influence of external molecules), yet they are sensitive to the influence of
magnetic impurities. Introducing an external magnetic field to a topological insulator should

lead to phenomena such as the opening of the gap and QAH.

2.3.4 Doped Bi:Tes

Over the past 15 years, numerous experiments have been conducted on Bi,Tes and BizSes,
involving the introduction of both magnetic*® and non-magnetic dopants or the deposition of
thin layers on top of the TI. Non-magnetic dopants are a common approach to influence factors
such as carrier type or electrical properties. Main non-magnetic solid elements include Cu®,
Ca>®, or Sb>!*2, which can be introduced into the structure using methods such as MBE or
Bridgman method. Non-magnetic impurities can also be introduced as gas molecules (like
air>3or CO>*), which can migrate into the material or cause the formation of a passivation layer
and creating the 2DEG. The essence of exposing the surfaces of topological insulators to
environmental conditions lies in their potential future applicability. The basis of such actions is

the modification of the surface while preserving surface states.

As opposed to non-magnetic impurities, magnetic impurities can lead to the breaking of time-
reversal symmetry, which may result in the phenomena described earlier. Due to this, significant
efforts have been made to investigate the impact of external magnetic fields on the transport
properties of topological insulators. The most popular methods of introducing magnetism into

these materials include structural doping or deposition of thin layers. Since the beginning, the
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primary focus has been on the influence of transition metals such as Mn>>-¢, Cr’”*8, or V°° on
the modification of the electronic structure of topological insulators. One of the main elements
used for the modification of these materials is iron. Iron structures exhibit strong magnetic
properties due to their atomic configuration and electronic structure (partially filled d shell).
Due to this fact, significant amount of research have been made to describe the processes
occurring in topological insulators under the influence of this element. In the case of BixTes,

several experiments have been conducted*®-60-63,
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Figure 9 ARPES spectra collected for single crystal Bi,Te; with excitation energy of 55 eV. a) to d) is
the surface states behavior under deposition of Fe.

One example are studies made by Scholz®* where iron film was deposited at the surface of
BixTe; single crystal. The ARPES research in this article demonstrated the modification of the
electronic structure while simultaneously preserving surface states Figure 9. Report includes
realization of the band-bending scenario (n-type) and creation of the 2DEG. The resistance of
surface states to the influence of the magnetic layer allowed speculation about additional factors
that must be fulfilled to open an energy gap, such as the appropriate direction of magnetization

(the same group conducted research on BizSes under the influence of Fe deposition®).

Another type of experiment is doping. In the work®® made by Jo, the influence of iron doping
on the electronic structure of Bi»Tes was demonstrated. In this experiment, alloys were produced
by the method of consistent melting from pure elements. This process was crucial as it allowed
for the design of the electronic structure - by using excess Bi, defects can be created, leading to
the formation of p-type charge carriers (in the case of excess Te, n-type carriers are formed). In
this study, samples were prepared with an excess of Te and with varying atomic content of Fe.
It was demonstrated that as the Fe content increased in the structure, the doping character
changed to p-type. The materials were characterized using ARPES, diffraction methods, and
magnetization measurements, which allowed the determination that Fe is in the divalent form.

In this case as well, the surface states were preserved, and the energy gap remained unopened.
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One of the many elements that has drawn the attention of scientists as a potential dopant for
topological insulators is cobalt. Cobalt is an element with a very high Curie temperature (higher
than iron) and weaker magnetic properties. Due to its crystalline structure, it also exhibits a
different character of magnetic anisotropy compared to iron. Compounds with this element may
demonstrate a high level of resistance to environmental conditions, which is very significant in
the application context. In the study made by Makarova®’ the changes in the electronic structure
of BixTe; under the influence of Co atom deposition on its surface were investigated. In this
experiment, Co was evaporated onto the material's surface at a high temperature of 420°C, and
then the prepared material was annealed at a temperature close to the melting point of the
substrate, 585°C. ARPES studies showed that with the increasing thickness of the Co layer
(from 1A to 3A), the Dirac point migrated towards lower binding energies, implying the
generation of n-type carriers. XPS measurements of core states revealed the possibility of the
formation of a Co compound with Bi or Te. Finally, with the increase in layer thickness, the
intensity of the surface states decreased in ARPES. The influence of both elements, Fe and Co,
on the magnetic properties and electronic structure of Bi;Tes was investigated in the work by
Shelford®®. Samples were prepared by depositing transition metals onto the surface of a
monocrystalline topological insulator (with a thickness of approximately 0.5% ML). XMCD
studies confirmed that the thin coatings of Fe and Co did not lead to the disappearance of surface

states.

The rich electronic structure and relatively easy access to surface states via ARPES have
enabled scientists to conduct spin-resolved measurements of 3D topological insulators.
However, due to the low efficiency of spin-resolved photoemission measurements (even up to
1000 times lower than conventional photoemission), the research process becomes highly time-
consuming and often impractical. Scientists have sought new solutions for sampling spins, and
one potential solution was CD-ARPES. However, it quickly became apparent that unraveling
spin-related information from CD measurements was difficult to interpret. Nevertheless, CD-
ARPES has proven to provide insights into the Orbital Angular Momentum (OAM) of
electrons. However, it was also found that data analysis is very complicated in this area. In this
dynamically changing field, techniques for analyzing data obtained in CD-ARPES
measurements are still being sought, which will allow for unambiguous extraction of
information about the OAM of electrons. Numerous theoretical studies have been conducted to
elucidate the information obtained through this technique. Access to OAM information in

semiconductor or magnetic materials is highly significant in terms of applications in quantum
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optics or quantum computing. In the case of TIs, CD-ARPES measurements have been
conducted for many compounds, including Bi>Tes;. However, due to difficulties in data analysis,
most studies focus on investigating changes in the CD signal as a function of material thickness

and excitation energy.
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Figure 10 Circular dichroism effect measured for Bi,Tes with ARPES. ARPES data a - d) show sign
change of the effect with energy range from 21 to 100 eV. e) is the plot of the circular dichroism sign
for different excitation energies.

In the research conducted by Scholz® the influence of different excitation energies, from soft
x-rays range, was studied. It was shown that in a narrow energy range, from 21 to 100 eV, the
experimental CD signal changes its sign Figure 10. Based on several theoretical models, it was
excluded that this signal could originate from changes in spin texture (it should not depend on
the excitation energy). However, it was also demonstrated that such a change could occur for
calculations performed in a one-step model. Subsequent studies, conducted by Xu’®
demonstrated the electronic structure of BixTe; using CD-ARPES, incorporating both
experimental and theoretical data. The main focus of these studies was to show how the
thickness of thin film layers of this material affects the CD signal from the surface states. It was
shown that transitioning from a system with 1 QL to a system with 12 QLs results in a change
in the sign of the surface states CD signal. Ultimately, based on theoretical and experimental
results, it was demonstrated that the thickness of the layer, excitation energy, crystal
momentum, and measurement geometry play a significant role in interpreting the CD signal.

These conclusions highlight the considerable challenge in interpreting CD data.
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Chapter 3 Experimental details

Chapter 3 outlines the experimental methods used in the study. Section 3.1 focuses on the
growth of thin films and their structural characterization, detailing the use of MBE, interface
formation, and Low Energy Electron Diffraction (LEED) for structural analysis. Section 3.2
describes various photoemission spectroscopy techniques, including the basics of
photoemission, ARPES, XAS, and CD-ARPES for probing electronic structure and magnetic
properties. Section 3.3 provides an overview of the experimental setup, including the radiation
sources, generation of the synchrotron radiation, and descriptions of beamlines PHELIX and
URANOS at SOLARIS National Synchrotron Radiation Centre, along with the sample

preparation process.
3.1 Thin films growth and structural characterization

3.1.1 Molecular Beam Epitaxy

MBE is an experimental technique that allows for the fabrication of thin (atomic-scale)
layers of materials under ultra-high vacuum conditions. Due to the significant demand for clean
semiconductor materials, the technique has become highly popular not only in scientific
laboratories but also in industrial applications over the past 30 years. The operation of MBE is
based on epitaxial growth of layers on a crystalline substrate using atomic beams. Pure materials
(solid state, purity level of 99.9999%) are placed in effusion cells or electron beam evaporators,
where they are vaporized into the volume of the MBE chamber under the influence of high
temperature or an electron beam (the general principle of operation is shown in Figure 11 b)).
The entire process is conducted under vacuum conditions to minimize the formation of defects
resulting from the interaction of the substrate or reaction of evaporated atoms/molecules with
residual gas molecules. A standard example of an MBE chamber is shown on Figure 11 a). MBE
not only enables the fabrication of chemically and structurally ultra-clean materials but also

allows for the modification of their morphology.
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Figure 11 Illustrative example of a standard MBE chamber with two types of material sources in a). b)
presenting the thermal deposition process. The deposition is carried out in a UHV environment. The
material is heated by e.g. resistive heating, and the evaporated material is directed onto the substrate.

One of the most popular physical methods for creating thin films is electron beam evaporation.
The evaporant (source material) is placed in a cell, under the filament's window, typically made
in the form of a loop (mostly from tungsten). The flow of electric current through the filament
heats it, generating an electron beam through thermoemission. These electrons are accelerated
towards the evaporant surface by an anode. Accelerated electrons bombard the material surface,
causing it to heat up (during bombardment, many other phenomena are observed, such as
backscattered electrons, secondary electrons, or the emission of X-rays. However, a large
portion of the kinetic energy of electrons results in the generation of heat energy, and the rest
of the effects can be disregarded) until it release its vapors (evaporation or sublimation).
Accelerating voltage is also applied to intensify the evaporation process. This technique allows
for the creation of highly pure layers from materials with very high melting temperatures or

high chemical reactivity, which is often difficult to achieve with other methods.

One of the most important aspects of MBE is the growth process, which is determined by how
atoms or molecules organize themselves on the substrate during deposition. These growth
modes are influenced by various factors such as substrate temperature, deposition rate, lattice

mismatch, and surface energies. The main growth modes include:

e Frank-van der Merwe growth (layer by layer) - in this mode the thin film grows one
atomic layer at a time. Each layer is completed before the next one starts. This growth

occurs when the interaction between the substrate and the deposited atoms is strong
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enough to favor a smooth, continuous film over three-dimensional structures. The atoms
have a tendency to spread out across the substrate surface, forming a complete
monolayer before the next layer starts to form.

e Volmer-Weber growth (islands) — in this method atoms tend to form small, three-
dimensional islands on the substrate rather than spreading out to form a continuous film.
This growth mode occurs when the interaction between the deposited atoms is stronger
than the interaction between the atoms and the substrate. As a result, atoms cluster
together to minimize their surface energy, leading to the formation of discrete islands.

e Stranski-Krastanov growth (layer and island) - this method starts with layer by layer
growth, but after a few monolayers, the strain between the film and substrate causes the
growth to transition to island formation. The initial layers grow smoothly as in Frank-
van der Merwe mode, but after reaching a critical thickness, the strain energy due to
lattice mismatch becomes significant. To relieve this strain, the system transitions to
forming 3D islands on top of the thin film.

e Step-flow growth - in this mode, atoms migrate and attach themselves to the steps or
terraces on the substrate surface, causing the steps to advance across the surface. Atoms
landing on the surface diffuse until they reach a step edge, where they are incorporated
into the crystal lattice. This leads to the formation of a smooth film, as the steps move

across the substrate, incorporating atoms layer by layer.

3.1.2 Interface formation

The MBE system, equipped with EBV, enables the fabrication of clean thin layers of
materials (elements), including transition metals. This technique allows for very precise
modification of semiconductor surfaces or surface materials, such as topological insulators.
Modifications can involve chemical reactions, mechanical interactions, as well as surface
coating. Theoretical description of surface modifications in metals, semiconductors, and
topological materials is very challenging and feasible only for pure systems (absence of
dopants, impurities). Therefore, the prospect of clean experiment is crucial for combining the
obtained experimental data with theory. In the case of topologically insulating materials, where
surface states are topologically protected, the idea emerged to modify their morphology to
protect surfaces from environmental conditions (such as oxidation) and induce other physical
phenomena such as the quantum anomalous Hall effect. To achieve this, one can create a
metallic interface on the surface of a topological insulator. According to Liith, 4 solid interface

is defined as a small number of atomic layers that separate two solids in intimate contact with
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one another, where the properties differ significantly from those of the bulk material it separates
I Of course, there are also simpler types of interfaces, such as vacuum-solid interfaces.
However, due to their technological importance, information about the properties of solid-solid
interfaces is most desirable. One of the most common types are semiconductor interfaces, such
as interfaces in semiconductor heterostructures or metal-semiconductor junctions (MOS
structure). Generally, creating a solid-solid interface is highly complex, and numerous factors
must be considered when designing such structures, including thermodynamic parameters and
phase diagrams. The interface can be fabricated under controlled conditions using the MBE
method. A thin layer of material can be deposited onto a crystalline substrate and adopt its
crystalline structure - epitaxial growth. The growth process of such a layer consists of several
stages. The first is the condensation of the evaporated material on the substrate (from the cell

e.g., EBV), whose rate rcan be described by the formula

1
r=—— 3.1

p[2TMKT,

where p is the vapor pressure, M molecular particle weight, kis the Boltzmann constant and 7o
is the temperature. During the deposition of the layer, several processes can occur on the surface

of the substrate Figure 12, such as:

e Absorption of particles on the substrate surface,
e Re-evaporation of particles from the substrate surface,
e Diffusion of particles across the substrate surface, which may ultimately result in

particle absorption or re-evaporation.

condensation re-evaporation further
film growth
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Figure 12 Illustrative example of atomic processes that drive film growth during thermal deposition onto
a solid substrate”'.
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To ensure that particles are absorbed on the surface, a specific characteristic activation energy
(deposition energy) must be overcome. The value of this energy depends mainly on the atomic
properties of the substrate surface and the evaporated material. The quality and properties of
the final interface obtained depend on the type of process pathways that occurred during the
fabrication of the thin layer. To eliminate additional factors that could influence the properties
of the fabricated layer or interface, these processes should be conducted under ultra-high
vacuum conditions. This is a crucial factor that has a significant impact on the "freshness" of
the investigated surfaces. To illustrate the influence of the residual gas pressure p on the

material's surface, we need to present the following formula

-~ 6kTz
P="0)

where k is the Boltzmann constant, T is temperature, in K degrees, and z is the frequency

3.2

1

cm?2s

coefficient of gas molecule events with the surface [ ]. Making certain assumptions about

the number of atoms/molecules constructing a monolayer, the mass of molecules, and the
temperature, we can demonstrate that under conditions of high vacuum, at the level
of 10 mbar, gas molecules can form a monolayer within one second. Maintaining ultra-high
vacuum conditions, at the level of 107! mbar, during the interface fabrication allows for the
neglect of these processes. In addition to selecting an appropriate methodology for thin film
fabrication and ensuring proper vacuum conditions, another important parameter influencing
the quality of the fabricated interface is the preparation of the substrate surface. In experiments
with modern semiconductor materials, the easiest and most popular method is cleavage under
ultra-high vacuum conditions (for single crystals, annealing combined with ion sputtering is
also utilized). Cleaving samples involves applying significant stress to the material using a knife
or dedicated blade in a vacuum system. This process exposes a fresh, untouched surface. Often,
this surface is not flat and contains many defects, but for hard materials, it is often the only

solution.

26



Scotch tape _ /

Exfolaited

Substrate Sample material

Figure 13 The mechanical exfoliation process using scotch tape: The tape is applied to the material's
surface, a), and then, with applied force, it is peeled off, b). This removes a few layers of the sample,
revealing a fresh surface.

Other cleaving techniques are also used, such as exfoliation Figure 13. Exfoliation can be
applied to samples with a so-called layered structures. Materials with such a characteristic
structure are composed of layers that are weakly bonded together by van der Waals forces.
Thanks to this property, exfoliation can be employed, which involves peeling off the top layer
of the material using adhesive tape. One of the most characteristic materials for which this
technique is used is graphene. This technique can also be applied to many semiconductor
materials (metal dichalcogenides such as WSe») and topological insulators (such as Bi;Te; or

Bi:Se3).

The process of cleaving or exfoliating a surface often leads to the formation of a non-uniform
sample surface, and frequently, such a process needs to be repeated. However, surface quality
assessment is not always conducted organoleptically. There are measurement techniques that
allow for measuring the crystalline structure of the material surface in situ, one of which is

LEED.

3.1.3 Structural characterization by Low Energy Electron Diffraction

LEED is a standard technique used to characterize the atomic structure of material
surfaces, primarily freshly prepared crystalline materials or deposited layers. The principle of
this technique is based on the phenomenon of scattering low energy electrons, ranging from 20

to 200 eV, on the material's surface. According to the de Broglie wavelength formula

h
A=—=—= 33
p
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where p is the momentum of the electron and V is the accelerating voltage, the wavelength of
the electrons within this energy range is comparable to the interatomic spacing which makes it
suitable to the diffraction measurements. As a result of the interaction between electrons and
substrate atoms, a so-called LEED pattern forms on the fluorescent screen Figure 14 a). The
measurement relies on the symmetry and distance of points in the diffraction pattern (LEED

pattern) and the Bragg condition has to be conserved

2dsin@ = ni 3.4
where d is the interplane spacing distance, 6 is the electron incident angle and n is the order of
the diffraction. Since the diffraction pattern corresponds to the distribution of atoms in the
reciprocal lattice vector G, one can apply a transformation that reveals the distribution of atoms

in the real space which can be approximately expressed as

3.5

dipgp X
Areal

and the conclusion that can be taken from 3.5 is that as a larger real space lattice is measured
the diffraction spots on the LEED pattern are closer to each other. The standard LEED setup
consists of an electron gun and a fluorescent screen, which allows observing the Bragg
diffraction spots Figure 14 b). The high surface sensitivity is ensured by using low-energy
electrons (below 200 eV), which result from the small mean free path in this energy range

Figure 17.

(a ) Detector ( b)

Screen

Figure 14 a) LEED standard setup and b) LEED pattern recorded from the clean Mo(110) surface’.
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3.2 Photoemission Spectroscopy

3.2.1 Photoemission background

The phenomenon of electrons being ejected from a material, such as metal, when
illuminated by electromagnetic waves was first demonstrated in an experiment by H. Hertz in
188773, It took almost 20 years for a theoretical explanation of this discovery to be presented,

which was introduced by A. Einstein in 190574

, made possible by the rapid evolution of
quantum mechanics. In his work, Einstein described this phenomenon through the quantization
of light into particles (photons) with discrete amounts of energy that depend on the light's

frequency o:

Epin =hv— ¢ 3.6
where Ej;,i1s the kinetic energy of the emitted electron is determined by Planck's constant h
and ¢ which represents the work function - a parameter related to the minimum energy required
for an electron to be emitted from the surface of the material. Einstein's theory and explanation

of the photoelectric effect earned him the 1921 Nobel Prize in Physics.

In the following decades, significant efforts were made in both theoretical understanding and
experimental exploration of the photoelectric effect. More sophisticated photoelectron
measurement tools were introduced during this time. In the initial photoelectron experiments,
light from a continuous source was monochromatized within a prism, and the photoelectron
current was measured with respect to the applied retarding voltage using a counter electrode.
The rapid development of instrumentation allowed for the enhancement of construction and
efficiency of photoelectron analyzers, as well as experimental chambers capable of achieving
ultra-high vacuum levels. The improvement of light sources, such as x-ray tubes or discharge
lamps, also had a substantial impact. These advancements gave rise to a new method,

Photoemission Spectroscopy (PES)”.

In the late 1950s, K. Siegbahn initiated the development of photoemission spectroscopy for
investigating the energy levels of core electrons in materials using X-ray tubes. With the
principle of energy conservation governing the photoemission process, it became feasible to

determine the binding energy of these electrons in solids by measuring their kinetic energy

Exin = hv — ¢ — |Epinl 3.7
where hv is the photon energy and |Ep;,| is the electron binding energy. PES experiments

required well-monochromatized light and stable light sources. Throughout the development of
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PES, notable progress was made in light source technology, culminating in the advent of the

next generation of sources like synchrotrons and, more recently, free-electron lasers.
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Figure 15 Relationship between the energy levels in the solid and the electron energy distribution
produced by photons with energy hv.

In general, PES is a method where in the material's surface is illuminated by photons with
energy hv, prompting electrons to transition from occupied to unoccupied states within the
electronic structure. If these states lie above the vacuum level E,,,., the energy (and momentum)
of the photoelectrons can be measured. Consequently, the system is left with one electron
removed (or with an added positive charge). It's crucial to recognize that the initial state before
excitation differs from the final state without the electron. The photoemission process engenders
a complex interplay of correlated effects, complicating the overall understanding of the
phenomenon. To gather information from PES, simplifications are necessary, with one of the
most significant being the so-called sudden approximation. In this approximation, it's assumed
that the excited electron doesn't interact within the system, and any hole created in this process
is instantaneously filled by another electron. The probability w of transition from the initial
state 7 with associated wave function 1; to the final state f with wave function ¢ is determined

by Fermi’s Golden Rule:

21
w o —|{wr| & [i)]" 8 (E; - E: — hw) 3.8
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where f is Planck constant, Er and E; are final and initial state bindings energies. The delta
factor & (Ef —E; — fw) ensures that energy is conserved during the transition process. A, the

perturbation operator, describes interaction between the system electron and the photon

(electromagnetic wave) as

ihe ihe e

AI? — e 3.9

where A is a vector potential and ¢ is scalar potential (not to be confused with the work
function). We can simplify equation 3.9 by making few assumption. Since we can choose the
photon energy for the photoemission process, which is typically carried out with UV or soft x-
ray light, we can assume that the vector and scalar potentials are zero (V-4 = 0, ¢ = 0). We
can also neglect the field potential|A|? (although it cannot be neglected when using hard x-
rays). If the momentum operator of the electromagnetic wave can be written as p = iAV , then
we can simplify the perturbation operator to

e
A= —A- 1
— P 3.10

and the transition probability can we written as

2me

2
® X ame (Wrla-plwi)| 6(EF — Ei — hv) 3.11

It must be mentioned that the sudden approximation is in general in good agreement with
experiments that are carried out with photons with energies in UV and soft x-rays range, where

|A|? factor can be disregarded..

The Fermi statistic provides information about the transition of the excited electron (by photon)
from the material (initial state) to the vacuum level (final state), known as the photoexcitation
process. However, the photoemission effect is far more intricate and encompasses numerous
processes within the entire phenomenon. The most realistic description of photoemission is the
one-step model, which characterizes the electron's exit from the material's surface as a single
coherent process. In principle, this model allows for a quantitative interpretation of
photoemission spectra, but it has been found to be very challenging to work with. Historically,
the first model that attempted to describe photoemission was the three-step model proposed by
Berglund and Spicer in 196476, Due to its simplicity compared to the one-step model, it is

commonly used in the description of photoemission experiments.
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3.2.2 Angle Resolved Photoemission Spectroscopy

In the previous section, we discussed how PES allows us to measure the energy of core-
level electrons, where electrons from occupied states in the band structure are excited to
unoccupied states above the vacuum energy, and their kinetic energy can be measured with a
photoelectron analyzer (see the standard PES setup in the figure). However, as depicted in the
figure, valence band electrons can also be probed. Moreover, electronic states in valence bands
not only possess well-defined energy but also momentum (wave vector k). The energy and
momentum of electrons within the material are directly connected with the photoelectrons
emitted in photoemission through conservation laws. For the final state energy, we can rewrite

equation 3.7.

Ef = hv — ¢ — |Epinl 3.12

And the momentum final state ks can be expressed

ki = k; 3.13
In a standard PES experiment, the kinetic energy of the photoelectron is measured with
respect to the analyzer and photon energy. To probe the energy and momentum of photoexcited
electrons, ARPES was developed. This technique allows for the study of the relationship
between the energy E of a single electron and its associated wave vector k, termed E(k),
ultimately revealing the band structure. Due to the high energy resolution of photoemission
analyzers and the advancement of excellent light sources, ARPES has gained enormous

popularity in the study of solid-state properties in recent decades.

We have already discussed the basic theory of photoemission in the previous section, and we
will now expand on this topic by elaborating on the three-step model, which is the most
convenient and intuitive for describing ARPES. The foundation of this model lies in splitting

the photoemission process into three consecutive steps:

1. Photoexcitation of the electron by a photon.
2. Transport of the photoexcited electron to the surface of solid.

3. Transmission of the photoelectron through the surface into the vacuum.
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Figure 16 Scheme of the direct (vertical) transition between the initial and final states in the reduced
77
zone'’.

In the first step the photon with energy hv is illuminating the surface of the material and then,
penetrates it. As the photon propagates within the material, there is a finite probability that it
will be absorbed by a system electron. It's important to note that we are considering low-energy
photons (below 1000 eV). With this assumption, we can neglect the wave vector of a photon,
and we can treat the photoexcitation process as an optical or direct transition (illustrated as
vertical transitions in Figure 16). Once the photon is absorbed, the electron in the initial state is
excited to a higher energy state (final state) with the photon energy hv while maintaining its
momentum. From equation 3.13, we can write the in-plane and out-of-plane components
kg = ki

3.14
kif=kyi;

33



T T TTITT] T ™1 TTItIl T T TTITY] T
A]OOL— Au@® Au -:
o C 3
I 50f -
: - —~
Q - -
w Aue %o
() r ce " 7]
14 N °
W .C
z 0F e pe
< o .
- @ -
= st o
- —~
3 L1 gl SRR (BT O thed R 1 B | 1 Lt 1
2 5 10 50 100 500 1000 2000

ELECTRON ENERGY (eV)

Figure 17 Universal curve for inelastic mean free path of electrons’”®

The second step in the three-step model describes the propagation of the photoexcited
electron towards the surface of the material. Due to strong Coulomb interaction in the solid
state, the moving electron may undergo elastic and inelastic scattering multiple times before
reaching the surface. Inelastic scattering processes contribute to the energy and momentum
distribution observed in recorded photoemission spectra. The primary causes of inelastic
scattering in solids are electron-electron interactions and site defects, both of which affect the
inelastic mean free path (IMFP) of the excited electron. The IMFP is defined as the average
distance between two independent inelastic events and plays a significant role in describing the
specific information depth that can be obtained in a photoemission experiment. In principle, the
inelastic mean free path depends on the energy of photons and the density of the material. In
practice, the plotted curve exhibits a similar character for a vast array of elements and materials,
and for a general description, we can utilize the so-called "universal curve" as depicted in Figure
17. According to Figure 17, the average inelastic mean free path for energies in the range of 20
to around 500 eV is below 1 nm, and this value increases for higher energies. Now, we can
understand that photoemission spectroscopy is a surface-sensitive technique for the UV and soft
X-ray ranges. An important observation from Figure 17 is that by simply altering the photon's

energy, we can probe electrons from different depths within the sample.
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In the final step, the photoexcited electron arrives at the surface and must exit the material.
During this stage, the electron encounters a potential step at the surface, leading to scattering
and diffraction (altering the trajectory of the electron). One consequence of diffraction is that
the out-of-plane component of the photoelectron wave vector k is not conserved, while the in-

plane component k; remains it

Kiout = Kif
3.15
kiout # Kif
Energy maintain conserved
Ey = Ef 3.16
Applying the law of conservation of energy
We can get the relation
2 2
Epi =h—(k2 t)=h—(k2+ki)=E —E 3.18
in m ou 2m I f vac

where E,,,. is associated with work function ¢ in the relation ¢ = E,,. — Er (EF is the Fermi

level).
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Figure 18 Hemispherical electron analyzer and the working principle of the standard ARPES.

The standard geometry for ARPES is illustrated in Figure 18. A hemispherical analyzer collects

the photoelectrons ejected from the material with a specific angular distribution. By measuring

their kinetic energy and emission angle, we can define k,,; as function of 8 and ¢. Given that

k2. = ki + k%, k= (kg ky)and k, = k, from3.15

1

k, = g,/ZmEkm sin 6 cos ¢ 3.19
1 o

k, = g,/ZmEkin sin @ sin ¢ 3.20

k" = kx + ky = gwfszkin sin @ 3.21

1
k, =k, = Ew/ZmEkm cos 6 3.22

and binding energy E};, is defined as

Ebin = hv — ¢ - Ekin 3.23
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Summarizing, from eq. 0.14 and 0.15 we can write initial state

k,; = 0.512,/Ey;, sinf cos ¢ 3.24
ky; = 0.512/Ey;, sin 6 sin ¢ 3.25

This provides a complete picture of the 2D electronic structure of a material that can be
measured (binding energy and in-plane component of momentum) with ARPES. Unfortunately,
3D systems cannot be treated in the same way because the k; component of the wave vector is
not conserved during surface emission in the three-step model. This means that k, cannot be
directly extracted from Ej;, and emission angles. To explicitly express the out-of-plane
component of momentum, the free-electron approximation must be employed. The assumption
of the free-electron model is that electrons can move freely within an additional potential, V,

known as inner potential. From the first step, we can write

hz
Ef = ﬁ(knz +k3) - Vo 3.26
Now, we can express the initial state of out of plane component by solving above equation for

ki s

2Zm
kzi = j w7 (0 = ¢ = Epin +V0) = k2, — k2, 3.27

The inner potential can be experimentally determined by measuring the electronic structure of
the material with different excitation energies and then correlating them with theoretical results.
The free-electron approximation is widely used, even if the final states do not exhibit free
electron behavior, because this approximation is easy to work with and generally produces

correct results.

3.2.3 X-ray Absorption Spectroscopy

In the 1970s and 1980s, XAS emerged as the pioneering experimental technique
utilizing synchrotron radiation. XAS stands as a well-established analytical method, elucidating
the structural and electronic properties of materials at both the atomic and molecular levels.
This technique finds applications across nearly all scientific fields, including solid-state

physics, materials science, chemistry, and biology.
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Figure 19 Standard XAS measurement setup a) and b) is a typical XAS spectrum with highlighted the
near-edge structure (XANES) and extended absorption fine structure (EXAFS)™.

The standard XAS spectrum is obtained by measuring the intensity of the incident light I, and
the intensity of the light transmitted I; through the sample Figure 19 a). According to the

Lambert-Beer Law, the transmitted intensity can be expressed as

I:(d) = I,e"E)d 3.28
Here, u(E) represents the energy-dependent linear absorption coefficient. This coefficient
changes smoothly as a function of photon energy, depending on sample density p, atomic

number Z, and atomic mass A.

pZ*
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However, by altering the energy of the incident light illuminating the sample surface, we can
match the energy of the core electron, enabling the emission of a photoelectron. During this
process, a core-hole is created, and u(E) undergoes a transition from a smooth to a sharp course,
known as the absorption edge Figure 19 b). This edge can be divided into three parts: the pre-
edge region, the near-edge structure (XANES), and the extended absorption fine structure
(EXAFS). The explanation of the absorption edge structure lies within the quantum theory.
According to perturbation theory, the transition between the core level and the final state is
described by the equation 3.8, where the perturbation operator A represents the interaction
causing the transition - the x-ray photon. Together with the delta factor (density of state),
Ainduces a modulation of the absorption coefficient, creating the X-ray absorption fine structure
(XAFS). The many-body problem considered here, where all electrons can interact with the x-
rays, is complex, and for practical purposes, an approximation is often employed. Using the
one-electron approximation along with the dipole approximation, we can express the absorption

coefficient as follows

ko< [{fle-Tli)%p 3.30
where ¢ describes the x-rays polarization vector. The dependence of the matrix element on the
polarization of incident X-ray light is of great significance in the case of structurally ordered
materials such as single crystals. Typically, linear and circular polarizations are used for

synchrotron measurements, allowing for the investigation of dichroism.

Dichroism is the optical property of a material to exhibit differential absorption of
linearly polarized light (linear dichroism) or circularly polarized light (circular dichroism). In
the case of circular dichroism and when a magnetic field is introduced to the system, we refer
to it as magnetic circular dichroism (in the X-ray range, X-ray Magnetic Circular Dichroism,

XMCD). The XMCD signal can be observed for magnetic materials (ferro- and ferrimagnets).

The basic theory of XMCD can be described in terms of the magnetic dipole transition moments
for left and right circularly polarized light, denoted as y; and pg respectively. The difference in

absorbance, known as the XMCD signal Au can be expressed as

Ap =y — pg 3.31
In the case of transition metals, a strong signal originates from the L> and L3 edges (transition
from p to d orbitals) - electrons from the d orbitals are the main contributors to magnetism in
this group of elements. The mechanism of XMCD can be explained based on the p states in

transition metals. These states are split into 2p12 and 2p3/2 by spin-orbit coupling, where / and
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s are coupled either parallel or antiparallel. Circularly polarized x-ray light selectively excites
the 2p electrons to the unoccupied valence band in a spin-selective manner (following the
selection rule for orbital angular momentum). Due to the coupling of / and s (antiparallel for
2p12 and parallel for 2p3/2), the process of transferring electrons to the unoccupied valence band
becomes spin-polarized. Since the transition dipole moment conserves electron spin, electrons
with spin up can only occupy free spin up states. Data from XMCD allows us to obtain
information about the spin magnetic moment and the orbital magnetic moment, enabling
measurements of magnetic anisotropy energy. These measurements are particularly effective
for thin materials, where the contribution of the orbital magnetic moment to the total

magnetization is significant.

3.2.4 Circular Dichroism — ARPES

Dichroism can be described as a process in which the photocurrent intensity depends on
the polarization of light, stemming from the fact that photoemission is an optical transition
process. There are two main effects that characterize dichroism in photoemission. Firstly, there
is circular dichroism in angular distribution (CDAD), where certain combinations of total

angular momentum j and z-component m; are preferentially excited by circularly polarized

light. This process also involves the photoelectron diffraction of nearby atoms. Secondly, when
considering the spin-orbit splitting of core levels, magnetic circular dichroism (MCD) must be
considered. Due to the spin-orbit splitting, the probed system exhibits a relatively long-range
magnetic order compared to the wavelength of the illuminating electromagnetic wave (UV or
soft X-rays). It has been observed that in such systems, the intensity of photoemission peaks
varies with changes in polarization from right circular to left circular. The result of dichroic

measurement can be expressed as

Ircp — I1cp
ljjonp = ————— 3.32
U Irep + I

where Ipcp and I;cp are the photoelectron intensity spectra collected with right and left
circularly polarized light, respectively. Circularly polarized light can also probe the spin-
polarized electrons in the valence and conduction bands of semiconductors, leading to the
development of the idea of CD-ARPES. To delve deeper into the circular dichroism (CD) effect,
we need to take another step into photoemission theory and introduce the basics of dipole

selection rules that govern this process.
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The dipole selection rules allow us to predict electronic transitions based on the symmetry of
the electronic wave functions involved in the photoexcitation process (the first step in the three-
step model). We will begin with the sudden (dipole) approximation version of Fermi’s Golden

Rule, 3.8 , and introduce the photoemission matrix element M; ¢

My,  (Wr|A - pli) 3.33

The polarization of the photon can be formulated as € || A, and under this condition, we can

write

Myep, o (e - pl) 3.34
This presentation is called the velocity form of the dipole matrix element and can further be

rewritten as the so-called length form

Mll’ill)f x (lpfle ) r|¢i> 3.35
The polarization vector € can describe various polarizations of light (linear, circular, and
elliptical). From this standpoint, the matrix element can be calculated for selected symmetries
of the wave function, and the dipole selection rules can be formulated. It can be determined that
the matrix element can be nonzero only for particular relations of the orbital quantum number
[ and the magnetic quantum number m of the initial and final states, which form the basis of

the selection rules.

We have already mentioned that the dipole selection rules allow us to predict electronic
transitions based on the electronic wave functions. This can be easily understood in the atomic

picture, where we can express the first rule as

Al=+1 3.36
which refers to the change in [ carried by the photon. The second rule depends on the

polarization of the light

Am=0,+%1 3.37
where A m = 0 for linear polarization and A m = +1 for right circular polarization and
A m = —1 for left circular polarization. According to the selection rules the electron from s
orbital can only be transmitted to the p orbital and electrons from p orbital can be emitted to s

and d orbital. For a more illustrative example, let's consider the excitation of the 2p level

podforAl= +1
3.38
p-osforAl= -1
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It's worth noting that due to spin-orbit coupling, atomic levels split. Consequently, the total
angular momentum J =L + S (where L is total orbital momentum and S is total spin

momentum) becomes a good quantum number. As a result, the p level splits into p3 /, and p1 /,

and with linearly polarized light, the allowed transitions are

193/2 - d3/2

Pl/z - 51/2 130
P_l/z - S_1/2 '

p-3j, = d_3/2

And for circular polarized light, the allowed transition are for Am = +1

293/2 - d5/2

P, = d3/2 o
p-1, = S,

P3y, = S-1y,
and forAm= —1

p3/2 - 51/2

P 3.41
p_l/2 - d_3/2 '

P, = dosy,
We have to consider that the light dipole operator interacts only with the orbital part of the
electronic wave function and does not directly interact with the electron spin. However, the spin
is tied to specific orbitals by spin-orbit interaction, and as a result, spin-polarized photoelectrons
can be excited even from nonmagnetic systems. This process is called optical spin-orientation
and forms the basis of all magneto-dichroic phenomena observed in photoemission and
absorption spectroscopy. ARPES combined with synchrotron radiation as a light source, gives
us the possibility to selectively measure electronic transitions in both magnetic and
nonmagnetic materials. This makes it one of the most powerful experimental tools for studying

dichroic phenomena.
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3.3 Experimental setup and Methodology

3.3.1 Radiation sources

To complete the PES experiment, a suitable light source is required. Historically, the
first source of monochromatic light used in photoemission experiments, by Siegbahn, was the
X-ray tube. The utilization of X-ray sources led to the development of X-ray Photoemission
Spectroscopy (also known as Electron Spectroscopy for Chemical Analysis (ESCA)), for which
Siegbahn was awarded the Nobel Prize in Physics in 1981. Core level photoemission, primarily
measured by XPS, stands as one of the most powerful qualitative methods in condensed matter
physics. While X-rays can also excite valence states, probing valence electrons with standard
X-ray tubes (e.g., with Mg or Al anodes) is time-consuming due to their emission lines being
above 1 keV. The parameter that determines this is the photoionization cross section, which will

be discussed further later in this section.

An alternative light source for investigating valence states is gas discharge lamps, particularly
Helium lamps. Helium lamps can produce He I (21.2 ¢V) and He II (40.8 eV) emission lines
via gas discharge. Low-energy, monochromatic ultraviolet light is ideal for probing valence
states because the emitted radiation energies are near the photoionization threshold for these
states. UV lamps, as stable and high-resolution sources, are integral parts of all laboratory
ARPES systems. To fully exploit photoemission experiments and comprehensively understand
the measured sample or system, it is advantageous to use both X-ray and UV sources.
Fortunately, a more versatile light source exists — synchrotron radiation. Because synchrotron

radiation plays an enormous role in my thesis, it deserves a brief description in its own section.

3.3.2 Synchrotron radiation

The history of synchrotron radiation is intertwined with attempts to accelerate particles,
a process that began in the 1950s. Initially, there was no understanding of why accelerated
particles had such a short lifetime in accelerators. However, physicists eventually realized that
very fast charged particles lose energy when they interact with an external magnetic field. This

phenomenon is known as synchrotron radiation®”.

A more precise definition of synchrotron radiation is when charged particles (such as protons
or electrons) are accelerated to relativistic speeds and exposed to an external magnetic field,
causing their trajectory to change, and emitting electromagnetic waves in the direction of their

motion®!. Synchrotron light is produced by electron storage rings, known as synchrotrons. An
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electron accelerator is composed of an injector system (linear accelerator), vacuum chambers,
bending magnets, and radiofrequency (RF) cavities. The bending magnets (dipoles) maintain
the electrons in a closed trajectory by applying a Lorentzian force perpendicular to the electron

velocity vector

2o (o225
where p is electron momentum, e is electron charge and v is electron velocity and E and B are
the electric and magnetic fields, respectively. Each interaction of an electron with a dipole
magnet emits synchrotron radiation. The consequence of this process is energy loss by
electrons, which must be compensated to maintain a stable trajectory of particles in the storage
ring. This compensation is achieved in the RF cavities, where an electric field is introduced in

phase with the moving electrons, accelerating them in the longitudinal direction. As a result,

electrons can circulate for hours or even days at relativistic speeds in the storage ring.

Every bending magnet serves as a source of electromagnetic waves, which can be collected by
experimental instruments called beamlines built around the synchrotron. In modern facilities
(3rd generation), not only do bending magnets serve as a source of light, but other magnetic
systems are also placed in the storage ring, such as undulators (and wigglers). The insertion
devices (ID), including undulators and wigglers, are constructed with magnetic periodic

structures that force electrons to undulate in the transverse direction.

Synchrotrons are constructed with tens of bending magnets that control the electron trajectory
in the storage ring while also emitting light. However, their multifunctionality limits their
flexibility in generating peak photon energy, which is constrained by their magnetic
characteristics. To enhance the potential of the storage rings, insertion devices (ID) were
developed. These ID devices are placed between two sections of bending magnets (straight
sections) in the accelerator, and their sole purpose is to emit light. The main benefits of using

these devices include:

. Control of the peak photon energy emission and polarization of light through the
design of the magnetic structure.

. Increase in the intensity of emitted light due to the electron wiggling "inside" the
device in relation to the bending magnet.

. Increase in spectral brightness.

44



One of these additional magnetic structures, undulators, ensures exceptional control of the peak
photon energy and polarization. Undulators are built from two rows of permanent magnetic
structures with a set periodicity. By controlling the gap opening and longitudinal positions
between the two rows of magnetic structures in the undulator, the magnetic field is determined,

and light with specific photon energy and polarization is emitted.

The polarization of the light emitted by accelerated electrons is one of the most important
parameters that scientists can utilize in their research. The radiation emitted from a bending
magnet is mostly linearly polarized. To understand this, we must realize that the accelerated
electron is bent in the horizontal plane, and the electric field of the emitted electromagnetic
wave (synchrotron radiation) is parallel to this plane. This consideration only applies when we
observe electrons in the horizontal plane. Of course, photons are produced in a cone, and the
perpendicular component of the electric field is also present above and below the horizontal
plane. We can define the degree of linear polarization P, as a function of the horizontal /; and
vertical component [, of the electromagnetic wave

_h-4L
I +1,

P, 3.43

The horizontal and vertical components of the electric field are also constantly shifted
by a factor of g resulting in the production of elliptically polarized light. If the phase shift is

+§ t is called elliptically right-polarized, and if the phase is —g it is called elliptically left-

polarized. The degree of circular polarization can be represented as

Ip—1, X2, 3.44

P. = =
CT I+l L+1,

where I and I, are the intensities of right and left polarized light, respectively, and the sign is

determined by the phase.

The availability of various polarizations of light across a wide range of photon energies is one
of the most important features of synchrotron radiation. This feature has proven to be very
useful in studying the orbital and spin angular momentum of both magnetic and nonmagnetic

materials through absorption and photoemission spectroscopy.

3.3.3 Beamlines

From all above considerations the synchrotron radiation and photoemission

spectroscopy (ARPES and XPS) emerges as perfect combination to study electronic and
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magnetic properties of complex quantum materials. The concept and technical realization of
such as powerful tool is met at the beamline. Generally, the beamlines are constructed from
three main parts: the source, the optical part that focusing the beam and the end station,. and

they are built around the storage ring facilities.

Figure 20 Radiation beam emission from the magnetic insertion device such as wigglers or undulators®!.

Starting from the source, there a few types that can be used (and were mentioned before
in the theoretical section devoted to synchrotron radiation): bending magnets and the IDs that
can further split to the wigglers and the undulators. The undulators are two jaws periodic
magnets structures that can be installed between two bending magnets sections (the straight
section). Electron passing through the undulators magnetic field is force to oscillate
perpendicular to the direction of their motion and each of the wiggle of an electron is source of

synchrotron light, Figure 20.
One of the parameters that differ wigglers from undulators is K parameter defined as

K= ay 3.45
where o is an wiggling angle and i is natural angular aperture of synchrotron radiation. We can

show that value of K for an electron propagating in the IDs magnetic field is

e

= AoBy = 0.9341,B 3.46
Sy 0bo

where A, is undulator or wiggler magnetic period and B, is their magnetic field. For wigglers
the value of K is much higher than 1 (K > 1) and this implicated that a is much wider than
natural angular aperture and this case interference effect between the magnetic poles can be
neglected. This is not the case in undulators where K is much smaller than 1 (K <« 1) and

interference effect occurs between the emitted light and moving electrons. Finally, radiation is
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emitted in the narrow cone with angle 6 on the axis of the undulator and the constructive
interference occurs at the wavelength A, that is depend of parameter K
Ao K?
A= — (14— 2p2 3.47
2y2< Tty )
In the undulators beside the fundamental wavelength also higher harmonics (shorter

wavelengths) are generated

A, == 3.48

and their number and intensity are bond (it increase) with K (only odd harmonics are emitted
on the axis of insertion device). Next important factor is, that K is dependent on B,,. It follows
from this dependence that A is tunable by value of magnetic field that can be continuously
changed by gap opening between two separate undulator magnetic jaws. With this features
undulators are efficient sources of UV and x-ray light and are commonly used in purpose of
photoemission beamlines e.g. PHELIX or URANOS beamlines at the SOLARIS Synchrotron

Radiation Centre®?.

3.3.4 PHELIX and URANOS beamlines

The PHELIX undulator beamline is installed at the BMO06 straight section of SOLARIS,
the third-generation light source with an electron energy of 1.5 GeV and a current of 500 mA.
The beamline is designed for conducting experiments with ultra-high vacuum PES and XAS in
the soft X-ray range, and Near Ambient Pressure XPS (NAP-XPS) will be available at the

second branch in the future.

The soft X-ray PES and XAS end station is aimed at investigating the electronic structure of
various types of materials, ranging from highly ordered crystalline solids to amorphous phases
like ceramics, glass, or minerals. The availability of numerous techniques makes this end station
a powerful and unique tool for studying very complex systems. PES experiments can be
conducted using methods such as ARPES, CD-ARPES, Spin-ARPES, and XPS. The SPECS
PHOIBOS 225 energy analyzer with a deflector system and CMOS camera allows for the
collection of photoemission data with an energy resolution better than 2 meV and an angle
resolution of 0.1°. Absorption spectra can be obtained using TEY and TFY. The combination of
PES and XAS experiments is met in a method called Resonant-PES (ResPES).

The source of the PHELIX beamline is the APPLE-II type undulator, which delivers soft X-

rays with the following parameters:
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e Photon energy range from 40 eV up to 1800 eV (horizontal polarized light),

e Linear (horizontal and vertical) and Circular (left and righthanded) polarized light,
e The ultimate resolving power E / AE 10000 in 50 to 1500 eV energy range,

e Flux range from ~10'? ph/s for 100 eV and ~10'" ph/s for higher photon energies, above
300 eV.

The optical design of the PHELIX beamline is based on a classic plane-grating monochromator
(PGM) setup operating with collimated beam. The focusing and re-focusing mirrors system
allow for obtaining the beam size spot on the sample of 120 pm x 40 pum

(hxv).

The URANOS beamline is much similar to the PHELIX in terms of its primary experimental
technique, PES, and radiation source, the APPLE II undulator. The beamline is installed at the
BMOS straight section of SOLARIS and specializes in UV and soft X-ray (8-100 eV) ARPES.
The central component of the end station is the SCIENTA DA30L photoelectron analyzer with
a deflector system, boasting an energy resolution of 1.8 meV and an angle resolution of 0.1°.
The combination of high energy resolution with low energy photons provides remarkable
capabilities in defining the chemical properties and valence band electronic structure of

materials such as semiconductors, topological materials, and spintronic materials.

The optical design of the URANOS beamline is based on a PGM and normal incident
monochromator (NIM), both working with collimated beam. The focusing and refocusing

mirror system allows for obtaining a beam spot size on the sample of 60 pum x

150 pm (h xv).

Both beamlines have preparation chambers in their vacuum systems, allowing for the in-situ
deposition of thin layers of elements, e.g. transition metals (pressure during deposition at level
of 1071° mbar). In the both cases, deposition rate can be measured by a quartz balance with
resolution of 0.01 A. The quality of the layers can be assessed based on LEED measurements.
All available preparation techniques enable the study of surface properties and electronic

structure under the influence of external (environmental) factors.

3.3.5 Sample description and preparation process

The single crystal of Bi;Tes was fabricated by the MaTecK company in Julich (in 2019).
The sample was grown using the Molecular Beam Epitaxy technique by deposition on a silicon

substrate, Si(111), under UHV conditions at a level of 10 mbar.
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Figure 21 Omicron flag style holder compatible with the PHELIX and URANOS systems. Bi,Tes single
crystal is placed in the middle of the holder and attached by the UHV glue.

The sample thickness was 1 mm, with a total surface area of 100 mm? (10x10mm). During the
project, the sample was divided into 6 parts, with the majority being used to investigate the
effect of thin Fe layers on the electronic structure properties, with only one sample being
characterized under Co deposition. The deposition of the elements (Fe and Co) during the
project was conducted via PREVAC style electron beam evaporation in ultra-high vacuum (~10
19 mbar). Fe and the Co were deposited from wires made of pure elements with the purity of
99.99% (manufactured by PI-KEM). The deposition parameters were optimized for quartz
crystal microbalance readings - the deposition rate was set at 0.3 A/min. Further, the sample
electronic structure was investigated mostly by ARPES, XPS and XANES. All measurements
of photoelectron spectroscopy and absorption spectroscopy were conducted using synchrotron
radiation (at the NSRC SOLARIS in Krakow). The research was carried out at the URANOS
and PHELIX beamlines. Due to characteristic layered structure of BixTes, each sample could
be prepared multiple times via exfoliation under UHV conditions (the exfoliation process was
conducted under pressure of 10® mbar in the LoadLock chambers). Each sample was mounted
onto flag-style holders (OMICRON) using conductive Epoxy adhesive (EPO-TEK®) which is

resistance for ionizing radiation.
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Chapter 4 Results and Discussion

In this chapter the results and discussion of the experimental findings are presented. Section 4.1
focuses on pristine Bi2Tes, characterized using XPS, ARPES, and CD-ARPES to analyze OAM.
Sections 4.2 and 4.3 investigate Bi>Tes covered with Fe and Co layers, respectively, using XPS,
ARPES, and CD-ARPES to examine changes in the electronic structure and magnetic
properties induced by the transition metal layers. To facilitate a clearer understanding of the
experimental findings and provide context for the phenomena discussed in this chapter, several
topics related to doping and defects, applied techniques limitations (such as IMFP and
penetration depth), and topological insulator-related phenomena were highlighted through brief

theoretical descriptions.
4.1 Pristine Bi>Tes

To study the electronic structure of topological materials is very challenging due to the
many variables that can differ from experiment to experiment, even for the same sample. The
surface preparation process, material evaporation, and influence of the measurement, especially
when using synchrotron radiation, are perhaps the most important technical parameters, but
they are not the only factors that could impact the acquired data. Significant effort has been put
into characterizing the electronic structure of the pristine sample to establish a well-defined
starting point. In general, I have mainly focused on photoemission spectroscopy (XPS and
ARPES) to characterize the sample's chemical and electrical properties. XPS is a widely used
method to study surface physics and chemistry. Element identification, chemical state
information, and surface sensitivity are a few of the most important features of this technique.
Especially for 2D materials, thin layers systems, or quantum materials where understanding the

surface electronic structure and surface chemical composition is highly desired.
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Figure 22 LEED pattern measured for pristine Bi,Tes at the electron energy of 69 eV. The double bright
spots can implicate that the surface of the TI absorb the residual gas molecules and the superstructure
could form at the very top of BiTes.

Unfortunately, we lack some data from the LEED technique, but this was mainly due to
technical issues that [ will not delve into. Only a few images were collected of the pure material
during the experiments to determine whether the material would retain its hexagonal lattice
structure after exfoliation, Figure 22. In XPS study, we heavily focused on the core levels near
the valence band, specifically Te4d and Bi5d. This focus was driven by the fact that these levels
can be reach even with very low photon energies. By combining these results with those
obtained at higher photon energies, we achieve a kind of deep profile chemical information®’.
This information has proven to be very interesting for understanding surface and interface
chemistry of the material. A significant part of this thesis is based on ARPES data. The direct
observation of surface states and the valence band electronic structure is a major advantage of
this technique. Proper surface preparation plays a very important role and affects the quality of
the acquired data. Several experiments had to be performed using this method to establish a
good starting point. Another advantage of ARPES is the direct observation of OAM, which
could play a tremendous role in modern spin-based surface physics in the coming years. In the
first part of Chapter 4, I will focus on the data (XPS and ARPES) measured for the pristine
single crystal of BixTes.

4.1.1 XPS studies

All XPS studies of the single crystal BioTes were carried out at the PHELIX beamline in
the SOLARIS synchrotron facility. Measurements at the PHELIX beamline were performed
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over a wide photon energy range, starting from 100 eV and extending up to 1000 eV. The sample
beam spot size is in the range of 150 um in the horizontal direction and 50 um in the vertical
direction. The SPECS PHOIBOS 225 hemispherical analyzer, with an energy resolution below
2 meV, was found to be a perfect tool for studying the electronic structure. The collected XPS
data were analyzed and plotted using CasaXPS and OriginPro software. All the XPS data are
energy calibrated to the Fermi level, and for a few specific photon energies, the Au 4f core
levels were also included in the energy calibration. The single crystal of BirTes, provided by
MaTecK company, with dimensions of 10 x 10 x 1 mm, was later cut into smaller pieces for
two sets of experiments: time-resolved ARPES®® and synchrotron studies. Samples were
mechanically exfoliated several times in air and then transferred into the vacuum load-lock
chamber, where they were exfoliated again in an ultra-high vacuum regime of 1077 - 10~® mbar
to avoid oxygen contamination. Samples prepared this way were rapidly transferred into the
analyzer chamber to start measurements. Measurements were carried out under UHV conditions
of 1x107' mbar. In the first step, the crystal surface quality (using ARPES) and chemical
composition (using XPS) were investigated. In Figure 23, the XPS survey data collected for
850 eV photons are presented, referring to the pristine surface of BixTes. In terms of XPS, if [
did not observe the presence of Ols and Cls core levels and did not detect satellites in the Bi4f
and Bi5d core levels, I considered the material to be clean (in terms of environmental
contamination) and thus pristine. The high photon energy of 850 eV appears to be optimal in
terms of flux, which remains sufficiently high for the PHELIX beamline. From a chemical state
detection standpoint, it provides access to the main Bi (Bi4d, Bi4f, and Bi5d) and Te (Te3d and
Te4d) transitions, Figure 26. Additionally, environmental components such as N1s, Ols, and
Cls are detectable within this energy range. Further considerations within the thesis will
elaborate on the main transitions of Fe and Co (700 to 800 eV), which also fall within this

energy range.
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Figure 23 XPS survey measurement of the BixTe; single crystal taken for photon energy
of 850 eV.

However, the main goal was to study the VB electronic structure and achieve high surface
sensitivity, which requires lower photon energies (according to Figure 17). The optimal energy
range for XPS was determined experimentally to be between 100 and 200 eV, providing access
to Te4d and Bi5d transitions. The analysis of these core levels shows that the maximum of the
Tedds, is located at a binding energy of 39.38 eV, and the maximum of the Bi5ds; is located at
a binding energy of 24.37 eV, as shown in Figure 24. The analysis (spectra fitted by
Gaussian/Lorentz lines) was performed for core levels collected with photon energy of 115 eV.
These values were compared with reference data from an X-ray lamp for the same material®*.
For the Te4d core level, there is an energy shift in the range of 20 meV, and for the Bi5d core
level, the energy shift is around 70 meV. The resolution of the beamline is expected to be better

than 50 meV for this beamtime, and the spectra were collected with a 10 or 40 meV energy

step.
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Figure 24 XPS data collected for Bi,Tes. a) BiSd and b) Te4d core levels analysis.

As presented in Figure 25, a set of data was collected for several excitation energies up to 850
eV. Differences in the binding energy positions and the peak-to-peak ratio can be easily
observed, Table 3. The peak-to-peak ratio for d-orbitals should be 3:2 (1.5). However, this ratio
can be affected by factors such as experimental conditions, including the photoionization cross-
section, IMFP, or spectrometer transmission functions. In this discussion, the peak-to-peak
parameter is presented because it was found that the ratio changes during scanning with
different excitation energies. It is expected that this behavior, where the ratio varies with photon
energy, is related to imperfect changes in the spectrometer's transmission functions. This energy
discrepancy may be due to several factors, whether related to the sample or to the research
method and the measurement itself. According to the analysis of the Te4d core level revealed
that the line is slight asymmetric towards smaller binding energy, that can be concluded as the
single crystal is overdoped with Te atoms. This can be easily explained by the fact that the
crystal was grown using MBE technique. In this process, to achieve a very high-quality single
crystal, it has to be grown in an overpressure of Te to avoid desorption of the Te atoms from the
crystal structure during growth® (the growth process is run in the high temperature regime,
substrate is heated to around 400 °C, which enhances the descoping of the atoms of Te). At this
point, it is worth reminding that the single crystal of Bi>Tes is a layered material, consisting of
QLs with the stacking sequence Te(1)-Bi-Te(2)-Bi-Te(1), where the QLs are connected by vdW
bonds. Within this interspace, adatoms can be localized and expand this space, potentially
leading to modifications in the electronic structure® like band splitting and bandgap expansion.
Besides the aspects of the samples, there are technical factors that cannot be neglected and often
cannot be excluded. The first is the photon flux, which changes as the photon energy changes.

For the Phelix beamline, the flux is in the range of 10'? ph/s for low energies and in the range
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of 10" to 10" for higher energies (above 250-300 eV), with the peak intensity around 150 eV.
In the case of pristine material, a shift in the binding energy is observed in the region of the
highest beamline flux, which might indicate surface charging. Charging is a common problem
in photoemission spectroscopy, especially when combined with high-brilliance sources like
synchrotrons or lasers. This phenomenon occurs because the materials do not efficiently
conduct away the charge when illuminated with X-rays, leading to an accumulation of positive
charge on the sample surface. One result of this is the shift of peaks in the XPS spectrum.

Charging can occur even in narrow bandgap semiconductors like Bi2Tes when using very bright
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Figure 25 XPS spectra of Te4d and Bi5d were collected for various photon energies: a-d) Te4d core
levels for 115 eV, 150 eV, 400 eV, and 850 eV, respectively; e-h) Bi5d core levels for 115 eV, 150 eV,
400 eV, and 850 eV, respectively.

Table 3 Comparison of Te4d and Bi5d peaks Binding Energy positions and differences in peak to peak
(Te4ds) / Te4ds» and Bi5ds; / BiSdsp) ratio parameter.

Tedds, Binding

Bi5ds, Binding

Photons Energy [eV] Energy [eV] Peak ratio Energy [eV] Peak ratio
115 39,38 1,43 24,37 1,49
150 39,55 1,14 24,56 1,45
400 39,40 1,43 24,32 1,89
850 39,34 1,33 24,20 1,80
55
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Figure 26 A photon energy of 850 eV provides access to deeper core levels of Te and Bi: a) Te3d, b)
Bi4d, and c) Bi4f.

However, high flux not only implies a charging phenomenon but so-called radiation damage
also. The radiation damage effect is one that can influence electronic structure of the materials.
Unfortunately, the general formalism for this process is practically impossible to implement and
describe due to the fact that this effect occurs for practically all materials, not only biological
but also solids. In the later sections of this thesis, I will describe how radiation damage affects
the electronic structure of topological insulators. However, at this point, I would like to focus
solely on the impact of this process on semiconductors. Specifically, in this case, we can
distinguish three phenomena that can be observed on the surface of an illuminated

semiconductor.

The first is ionization, which involves the ionization of atoms in the surface material and, in
certain cases, the creation of defects, or vacancies, leading to changes in the electronic structure.
The next process is the so-called displacement damage, which leads to structural changes on
the surface of the illuminated material. The third process discussed here is oxidation, more
broadly defined as a chemical reaction occurring on the material's surface under the influence
of incident UV and X-ray light. This phenomenon is quite common and relatively easy to detect
in the photoemission studies. Besides the obvious factor of light illuminating the material's
surface, the atmosphere (usually gaseous) in which the measurement is conducted plays a
crucial role in this process. In the case of photoemission spectroscopy, where measurements are
typically carried out under UHV conditions, it might seem that the issue of the atmosphere
surrounding the sample is minimized. However, even under conditions of 107 or 10! mbar, a
layer of residual gas molecules can "settle" on the material's surface within a few or several
minutes. Residual gases, which constitute the gaseous atmosphere remaining in vacuum
chambers after pumping down to UHV conditions, mainly consist of molecules of hydrogen,

nitrogen, methane and its derivatives, oxygen, nitrogen oxide, carbon monoxide, carbon
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dioxide, and water. Due to the wide variety of particles in the atmosphere and the different
properties of the material's surface, chemical reactions can occur in several ways, such as the
absorption of hydrogen molecules into the material's structure, the reaction of nitrogen
molecules with the surface, or the deposition of carbon through the photodissociation of carbon
monoxide, carbon dioxide, or methane molecules. Many of these processes can also occur
spontaneously without illuminating the surface, such as absorption; however, these processes
tend to occur much more slowly. In the case of carbon deposition on the sample surface, it is
straightforward to determine whether the surface has undergone radiation damage by measuring
the Cls core level in XPS. Figure 27 shows the measurement of Cls before and after
approximately 12 hours of exposure to soft X-rays. A significant increase in the intensity of the
Cls peak is observed on the surface, which should be free of carbon contamination. In the case
of semiconductors, such chemical changes on the surface can lead to phenomena such as band
bending, which is one of the key issues in surface physics. The influence of UV light and soft
x-rays on the electronic structure of the synchrotron and laser studied materials is still often
skipped or overlooked in the data analysis. The challenges associated with radiation damage
and particle absorption into the crystalline structure of the material, as well as their impact on
the electronic structure, will be further discussed in subsequent sections of my thesis.
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Figure 27 XPS data for Cls and Ols core levels for a pristine single crystal of Bi»Te; were collected at
850 eV. The data presented in a) show the C1s core level after illuminating the sample surface for several
minutes following sample preparation in the UHV. Spectrum b) shows the intensity of the Cls after
approximately 12 hours of illumination. Spectrum c) shows the O1s, which does not change after several
hours of exposure to X-rays.

The another issue discussed here regarding the description and analysis of XPS data is the
photoelectron acquisition process by the analyzer. The hemispherical electron analyzer is a
relatively simple device in terms of its working principle, allowing for precise determination of
the kinetic energy of electrons. More details on the concept and construction of the analyzer

can be found in Chapter 3. At this stage, we need to focus on the data acquisition process during
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the experiment, specifically on the transmission parameters that affect the measurement. Each
hemispherical electron analyzer is characterized by a set of transmission parameters such as
Pass Energy, Energy Resolution, Acceptance Angle, Transmission Function, and Spectral
Intensity, which are integral to every spectrum collected on the device. Proper adjustment
(detector calibration) and the operator's know-how allow for collecting data with very high

energy resolution.

However, most analyzers are calibrated using sources like electron guns or X-ray lamps with
high photon energies (e.g., an Al lamp with an energy of 1486.6 ¢V). While this calibration is
appropriate for these sources, it may not be ideal for measurements performed with synchrotron
radiation, where the photon energy can be freely changed. Parameters such as the Transmission
Function change when scanning with kinetic energies. When scanning with different photon
energies, the kinetic energy changes for the same core level, which can lead to inconsistencies
in the XPS spectrum for wide excitation energy range, such as non-constant peak ratios or not
correct energy difference between peak (the last point can be related with the Gain parameter).
Additionally, one of the best calibration samples is noble metals such as gold, where the Au4f
and Au4d core levels are found at relatively high kinetic energies. If the transmission parameters
are not correctly adjusted during energy scans in XPS, it can result in problems such as
inconsistent peak ratios, especially when analyzing core levels at low kinetic energies.

The final point that can influence changes in the photoemission spectrum, discussed in this
section, is the IMFP, A4;,. This curve has already been described, Figure 17, but during
experiments conducted using synchrotron radiation, particularly when accessing low photon
energies (>100 eV), it becomes a crucial factor in determining the sampling depth.

Determination of A;,, can be conducted based on the equation®’

_ (4+0.44Z°5 4 0.104E°%72) a7
= Z03(1—W)

[nm] 4.1

where Z is the atomic number, a is an average atomic spacing, E is the energy in eV and W is
the parameter related to the heating of formation of a compound. For low kinetic energies of
electrons, the surface sensitivity of the material is very high, with a sampling depth ranging
from 0.5 to 1 nm for most elements. As the kinetic energy of electrons increases (>1000 eV),
the sampling depth increases to about 2-3 nm, as shown on Figure 28. The shallow sampling
depth associated with low kinetic energies requires consideration of certain factors that can be
neglected at higher energies, such as the atomic environment, which can differ between the

surface and the bulk, and the inelastic scattering parameter, whose value increases as the kinetic
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energy of the electron decreases. This parameter affects the shape of the XPS spectrum,

particularly its background.
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Figure 28 IMFP calculated® for few elements included a) Fe and b) Bi.

The conducted XPS studies revealed that the Bi;Tes crystal is of very high quality and allowed
for the determination of a starting point for chemical surface investigations of this sample.
Measurements were performed at specific excitation energies ranging from 100 eV to 850 eV
to facilitate chemical analysis at different sampling depths. The experiments successfully
characterized the impact of synchrotron radiation (soft X-rays) on the measurements, enabling

better surface quality control in subsequent stages.

4.1.2 ARPES studies

Bismuth-based topological insulators have attracted significant scientific attention over
the past 20 years due to their simple yet remarkable electronic structure near the Fermi level.
The surface states, with linear energy-momentum dispersion, form the so-called Dirac cone at
high symmetry points. Electrons within the Dirac cone are spin-polarized, creating one-
directional paths for spin in the electronic structure, which can be utilized in modern fields such
as spintronics and quantum computing. These electrons cross at a single, symmetry-protected,
spin-degenerate point known as the Dirac point. The position and tunability of the Dirac point
in the electronic structure (energy direction) is a much studied area because mastering this
process could lead to the production of topological transport devices. However, while the

concept seems relatively accessible, its realization in experiments has proven to be very
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challenging, requiring modifications in the structure of topological insulator materials. The
concept of tuning the Dirac point in the electronic structure is well-known and can be achieved
in several ways. One approach is chemical interference through surface decoration/deposition
or structural doping, which can lead to a band bending scenario. Unfortunately, the challenge
of precisely defining the position of the Dirac point in the electronic structure begins at the very
outset and is rooted in the measurement method, such as ARPES. In ARPES, experiments are
typically conducted with low-energy photons produced by UV lamps, lasers, or synchrotrons
which may induce structural or chemical modifications in the illuminated region. Exposure to
very intense light can influence the electronic structure, as discussed in the previous section. In
this section, ARPES data for pristine Bi>Te; will be presented. The ARPES data were collected
at the URANOS and PEHLIX beamline at SOLARIS and were processed using an in-house
software developed at the URANOS beamline. All the spectra were measured for I'-K direction
with the photon energy range from 20 eV to 180 eV. These experiments were complemented by

XPS measurements, what allows for a comparative analysis.

The discussion of the ARPES results for the pristine single crystal BioTe; begins with the
analysis of the spectra collected using 20 eV photons. As shown in Figure 29 a), the VB is
presented over a wide binding energy range, extending from 0.0 eV, which indicates the Fermi
level, to - 3.5 eV binding energy. The bulk VB of Bi;Te; are primarily composed of Bi p and Te
p orbitals, exhibiting a parabolic shape that can be observed near the I" point, which is aligned
along the 0.00 wave vector k:. As shown in Figure 29 b), the M-shaped band represents the
Valence Band Maximum (VBM) and the single Dirac cone at I" point.
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Figure 29 ARPES data collect with 20 eV photon energy in the I'-K direction for wide binding energy
range to illustrate a large VB area a). b) presents a band structure near the fermi level with the visible
surface states in the range of 100 meV below Fermi level. Data were collected at 40 K.

The data presented in Figure 29 serve as a textbook example of ARPES measurements obtained
from a high-quality BiTes crystal where the chemical potential is localized within the band
gap. The energy position of the Dirac point is established at 100 meV below the Fermi level.
The calculated band structure of the pristine material, shown in Figure 30 a), closely matches
the observed band dispersion in my studies, further confirming the high quality of both the
crystal and the experimental setup. The calculated energy gap is approximately 170 meV*?. The
values presented here do not fully align with all the experimental results conducted on pure
BixTes, including theoretical data, where, for example, the band gap can vary by several tens of
meV depending on the computational method used*. From an experimental standpoint, there

are two main reasons why the experimental data can differ significantly across studies.

The first is the sample itself, particularly its structure and chemical composition. The position
of the Dirac point in the electronic structure can be influenced by chemical doping. In
semiconductors, we generally distinguish between two types of doping: n-type and p-type. For

pristine Bi,Tes, both types can be considered®®. N-type Bi,Te; is characterized by the relatively

61



deep position of the Dirac point in the electronic structure, typically around 200-300 meV below
the Fermi level®®’. N-type single crystals can be realized during the growth process®! (e.g.,
using MBE or the Bridgman method). If Te atom is missing from the crystal lattice, it creates a
vacancy that acts as a donor site. Electrons associated with these vacancies can move to the
conduction band, increasing the electron concentration. For the n-type material the Fermi level
is shift near the conductivity band. In the case of p-type BixTes, the hole contribution to
conductivity is higher than in n-type Bi>Tes. The Fermi level shifts towards the VBM, with an
energy position, that found in the literature, around 100 meV>*°2. The realization of p-type
material also depends on the growth process, where a deficiency of bismuth (Bi : Te ratio should
be 2:3) is introduced. This deficiency can lead to the creation of bismuth vacancies, which act
as acceptors by trapping electrons and thereby generating holes. The observed type of
conductivity can also be described in terms of antisite defects®. In Bi,Tes, antisite defects can
occur in two ways: bismuth on a tellurium site (Bire) and tellurium on a bismuth site (Teg;). In
both scenarios, one type of atom replaces another in the crystallographic lattice, creating either
a deficiency or surplus of electrons in the material. Calculations and experiments have shown
that Bire acts as an acceptor, while Teg; acts as a donor. A straightforward explanation for this
is that when a Te atom is replaced by a Bi atom in the lattice, an excess of electrons occurs
because Bi has more valence electrons than Te, leading to n-type character of the material.
Conversely, when a Bi atom is replaced by a Te atom, a deficiency of electrons is observed,
resulting in p-type character of the material. Control of lattice defects is crucial for both current
and future electronic devices, making a thorough understanding of these processes essential.
Based on the considerations above, the ARPES data presented in Figure 29 and Figure 30

indicate p-type material, with an excess of Te atoms observed in the XPS data (Figure 24).
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Figure 30 a) Represents the calculated bulk conduction band (BCB) and bulk valence band (BVB)
dispersions along high-symmetry directions of the surface Brillouin zone for Bi,Tes*2. b) Shows the
Bi,Te; spectra collected using 55 eV photons.

The second reason why the data may differ significantly, as previously discussed, is the

influence of light, specifically UV light and soft X-rays generated by the synchrotron. These

very bright sources produce a high density of photons focused on a small area, which can lead

to chemical and structural modifications of the sample surface. In XPS, this can be observed,

for example, as an increase in the Cls core level during illumination. In the case of ARPES

data, the changes can be more subtle and are often not discussed by experimentalists, but they

are an inseparable part of the experiment and should always be taken into consideration.
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Figure 31 ARPES data collected for pristine Bi;Tes. Spectra a) and c) represent the electronic structure
near the Fermi level measured within the first few hours after the initial illumination of the sample
surface with photon energies of 20 eV and 55 eV, respectively. Spectra b) and d) show the same data
collected after the entire set of measurements was completed overnight. The "aging" process is evident,
as the position of the Dirac point shifts towards higher binding energies.

A straightforward way to explain the influence of light on the sample's electronic structure is
by examining Figure 31. The data presented in Figure 31 a-b) and c-d) were collected using 20
and 55 eV photons, respectively, with the sample temperature set to 40 K. Figure 31 a) and c)
show spectra collected during approximately the first two hours of the experiment. Even within
this timeframe, subtle modifications to the electronic structure were observed. Unfortunately,
the data acquired in the very first minutes are difficult to interpret. The only statement that can
be made here is that within the first seconds or minutes after the initial illumination of the
sample, the chemical potential is much closer to the VBM, but the Dirac point cannot be
measured accurately (assuming that its position is 3 - 4 meV from the Fermi level) and is
therefore not presented. This observation is likely a consequence of the sample preparation

process, specifically the mounting of the sample to the measurement holder. The challenge

64



begins right from the initial step of mounting the sample onto the sample holder. Achieving the
desired crystal orientation is often crucial in ARPES studies. Unfortunately, this step cannot be
overlooked in many cases because many measurement manipulators do not have 6-axis rotation
capabilities (e.g., at the URANOS beamline). Crystal orientation can be achieved using tabletop
diffractometers or LEED in UHV. Once properly oriented, the crystal must be introduced into
the UHV system, where further preparation steps, such as annealing or exfoliation, are applied.
The sample is then transferred to the analysis chamber, and measurements begin. However,
high-quality data are often not obtained with the first light. The alignment procedure, which
involves scanning the sample surface to find the optimal spot on the crystal surface and the
desired point in the Brillouin zone, must be conducted. This process can take anywhere from a
few minutes to several hours. During the alignment process, modifications in the electronic

structure, referred to as "aging," can occur, Figure 31 b) and d).

Binding Energy

Fermi level

Bi,Te; (RG)

Bulk Surface

Figure 32 Illustrative representation of the band bending scenario in Bi>Tes driven by residual gas (RG)
adatom surface decoration (and absorption) and the influence of radiation. The chemical potential is
positioned near the Dirac point in the bulk, and when an interface is created at the surface, the bands
shift downward (n-type doping), placing the Fermi level near the CBM.

This "aging" process is an unintentional form of band bending, leading to changes in the valence
band electronic structure and shifts in the position of the chemical potential as shown in Figure
32. A detailed yet simple explanation of this phenomenon in semiconductors and TIs can be
found in the literature® and it is explained in Figure 33. A similar effect is observed in single-
crystal Bi;Tes, where downward band bending occurs over a few hours of illumination with

low-energy photons (ranging from 20 eV to 100 eV), Figure 31. However, the photo-desorption
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process (the last stage in Figure 33) was not detected in my research. The key idea is that BioTes
is a vdW material, where the gaps between the quintuple layers (QLs) can act as reservoirs for
adatoms and other molecules. Atoms can migrate into the BirTes structure and become
"trapped" within the QL gaps through intercalation. This effect can expand the vdW gaps within
the Bi,Tes structure, causing modifications to the electronic structure, such as the shift of the
Dirac point*®. A concomitant effect of the vdW gap expansion is the influence of absorbed gas
molecules, such as Hz, on the BixTe; electronic structure. The material's sponge-like behavior
can be driven by surface illumination, leading to adsorption. This absorption of H2. molecules
can lead to downward band bending (band bending of approximately 120 meV), a phenomenon

predicted by theoretical approache’
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Figure 33 An illustrative explain proposition of the "aging" effect after exposure to residual gases and
the UV light (27 €V) is demonstrated using the TI BiSbTeSe, from”. In the first step, the sample is
cleaved in UHV and can be considered pristine. Within a few seconds of exposure to UHV, residual gas
molecules begin to cover the freshly cleaved surface. In the third step, the first photons reach the sample
surface, and measurements starts. At this point, a downward band bending scenario begins as
photodissociation of moleculas starts to occur. The electronic structure shifts towards lower binding
energies, which can lead to the unreavling of the CBM. Eventually (4™ stage), most of the molecules
become ionized, and maximum band bending is achieved. In the final stage, desorption of the ionized
adatoms can occur, leading to upward band bending and partial restoration of the original band structure.

According to the collected ARPES data for the Bi,Te; single crystal, it is evident that both

factors-the sample growth/preparation process and the surface exposure to soft X-rays (and UV
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light)-can significantly modify the electronic structure of the material, as shown in Figure 31.
Unfortunately, my studies cannot conclusively determine which of these effects has a greater
influence. However, it is clear that both phenomena must be considered during data analysis
when studying various 2D and 3D materials using PES techniques. The above discussion will
be crucial for further considerations addressed in this thesis. At this stage, based on ARPES
data, it is concluded that the material is considered pristine when the Dirac point is located
approximately 100 meV below the Fermi level and surface states are observable in the vicinity

of the Fermi level.

4.1.3 CD-ARPES studies and OAM

OAM plays a significant role in solid-state physics, particularly due to its potential
application in novel electronics based on orbitronics®®. Orbitronics is an emerging field within
condensed matter physics that focuses on the manipulation and utilization of the OAM of
electrons in solid-state systems. This field aims to harness the OAM of electrons as a means to
store, process, and transmit information, potentially leading to new types of electronic devices
with enhanced performance and novel functionalities. In materials, OAM refers to the
component of an electron's total angular momentum associated with its motion around the
nucleus, an atom, or a lattice site in a solid. Unlike spin angular momentum, which is an intrinsic
property of the electron, OAM arises from the electron's spatial distribution and its orbital
motion. OAM plays a crucial role in the electronic structure of materials, particularly in those
with strong SOC, such as TIs and heavy metals. In the case of Bi-based TIs, the SOC is
exceptionally strong and couples with OAM, contributing to the total angular momentum. Both

of these phenomena significantly influence the electronic structure of materials.

CD-ARPES is a powerful technique that allows probing the OAM signal. The key idea behind
CD-ARPES is that the interaction between circularly polarized light and the OAM of electrons
leads to different photoemission intensities for circularly left-handed and circularly right-
handed light. This intensity difference, CD, is related to the OAM of the electronic states in the
material and can be visualized using the (3.32). The theory behind the CD signal and CD-
ARPES technique is discussed in more detail in Chapter 3.

In topological insulators like Bi.Tes, the surface states exhibit a strong coupling between spin
and OAM due to SOC. The helical nature of these states implies that the OAM is oriented
perpendicular to the electron momentum, and this orientation can be detected using CD-

ARPES. In Figure 34, ARPES and CD-ARPES data measured for Bi>Tes are presented. The
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comparison is made between the spectra collected using linearly horizontally polarized light, a)
and c) (the standard light polarization for both the PHELIX and URNOS beamlines), and the
CD signal for photon energies b) of 50 eV and d) 55 eV. The data are consistent with other
examples in the literature®®, and the CD signal does not change sign within this narrow energy
range (CD measurements were performed from 49 to 57 eV with 2 eV step). The significance
of this specific energy range lies in the idea that during the deposition the magnetic material the
CD sign of the surface states can be changed. It was propose to decorate the surface of the
Bi,Te; with the Fe atoms to achieve such as magnetic interface. The Fe core level 3p, falls
within this energy range and the further experiment were carried on for this system. Several
CD-ARPES experiments were conducted on pristine Bi>Tes during my research. In Figure 34,
we can observe the data collected after approximately two days of illuminating the sample

surface (with the Dirac point positioned around 200 meV below the Fermi level).
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Figure 34 CD-ARPES data collected for a Bi-Tes single crystal. In (a) and (¢), ARPES spectra are shown
for horizontally polarized light with photon energies of 50 eV and 55 eV, respectively, in the [-K

68



direction. The corresponding CD signals are presented in (b) for 50 eV and (d) for 55 eV light. Presented
data were collect at the URANOS beamline at 40 K.
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Figure 35 CD-ARPES data were collected for a Bi2Tes single crystal for wide photon energy range up
to 180 eV at the PHELIX beamline at 80 K. Spectra a) was measured for 55 eV, b) for 115 eV and c) for
180 eV.

Unfortunately, during the nearly three years of research conducted on beamlines, significant
issues with crystal quality were observed at a certain point. The material underwent exfoliation
dozens of times during the experiments, which affected the quality of the crystal surface what
implicate the ARPES spectra, as seen in Figure 35 and Figure 36. The spectral resolution is
noticeably better in Figure 35, which was collected several months earlier. Nevertheless, despite
the reduced crystal quality, it was still possible to interpret the CD data. Figure 36 shows the
CD signal for surface states over a broad energy range, aimed at verifying the data in®® and
expanding the understanding of CD signal changes across a wider excitation energy range than
in Figure 10. The results are consistent with previous reports, showing a CD sign change in the
energy range of 75 to 100 eV, followed by another sign change above 115 eV. The similar type
of measurement were carried out for different Bi-based TIs”® to show the photon energy

dependence CD sign change in the surface states.

In my research, CD-ARPES measurements were conducted to determine whether introducing
transition metal impurities on the surface of a TI can modify the CD signal. To achieve this, the
deposited transition metal on the surface should exhibit magnetic properties and potentially
break time-reversal symmetry. To establish a good starting point, I performed CD-ARPES

measurements in the wide energy excitation energy range (including the Fe3p region) for
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pristine BioTes. This allowed us to track changes in the subsequent experiments, which included

the deposition of Fe on the surface of the TL.
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Figure 36 CD-ARPES measurements were performed on pristine Bi>Tes for various photon energies: a)
50eV,b)80¢eV,c)95¢eV,d) 100 eV, e) 115 ¢V, ) 120 eV, g) 130 eV, and h) 140 eV. The variation in the
CD signal's sign with changes in excitation energy was studied across different energy ranges and was
reported in®.

4.2 Bi;Tes/Fe system

The primary objective of the project was to introduce a thin layer of transition metal on
the surface of BixTes and monitor the resulting changes in the electronic structure through
photoelectron spectroscopy measurements. Introducing dopants or capping the surface of a TI
may brake time-reversal symmetry which is essential for the preservation of surface states.
Magnetic dopants, in particular, can break time-reversal symmetry by introducing a magnetic
moment with a preferred spin direction’”. This modification alters the Hamiltonian by
incorporating a magnetic exchange interaction term in Equation 2.8, which in turn modifies the

energy spectrum, leading to the opening of an energy gap

E(k) = T/—=/(hvpk)? + A2 4.2
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where A is the energy gap open factor at Dirac point due to magnetic influence. This gap
emerges directly from the interaction between the spin and OAM of electrons in the surface
states, which are integral to the topological protection of these states. This can lead to the
perturbation in the surface state, OAM distribution and influence the electronic structure. The
opening of the gap can also lead to a phase transition, potentially unveiling the Quantum
Anomalous Hall effect, where the Hall conductance is quantized even in the absence of an
external magnetic field. This occurs because magnetic doping induces a chiral edge mode in

the gapped surface state’®.

Over the past 15 years, research has focused on the effects of magnetic and non-magnetic
dopants, as well as surface modifications, on TIs. These studies aim to induce broken time-
reversal symmetry and shifts in the chemical potential, with the goal of exploring potential
applications within the modified spin matrix. One approach involves constructing doped TIs
using transition metals, which can lead to the manufacturing of magnetic topological insulators
(MTIs). The Bi-based TI family is extensively studied using this method. A common example
is Mn-doping of Bi»Ses”* ' and Bi,Tes*>¢%195-197 where Mn, with its five unpaired electrons
in the 3d shell, provides a significant magnetic moment, making it ideal for magnetic studies.
The concept of doping TIs with transition metals is discussed in Chapter 2. Doping not only
leads to gap opening but also causes significant changes in the electronic structure and shifts
the chemical potential. Controlling the shift of the Fermi level is a major focus of research due

to its potential applications.

Capping TIs, while less common due to the potential degradation of surface quality, has also
been explored. Studies on BixTe; capped with transition metals like Fe® have shown that,
although gap opening is not observed, there are modifications in the electronic structure, leading
to n-type doping and shifting the chemical potential towards the CBM. As outlined in the
research objectives, the decision was made to cover the surface of BioTes with a transition metal,
initially selecting Fe, and later Co, to expand our understanding of the chemical properties of
the TI single crystal surface following this process. This section of the thesis will present the
results of Fe deposition on the Bi>Tes and its impact on the electronic structure and the collected
signal using CD-ARPES. The sample preparation process was carried out in the UHV systems
at the URANOS and PHELIX beamlines. The deposition of Fe was performed using high-purity
(99.999%) metal wires in a PREVAC type Electron Beam Evaporator. The deposition rate was
controlled by a quartz crystal microbalance and set to 0.3 A/min for Fe. At the URANOS

beamline, the evaporator with the material was installed in the preparation chamber during the
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experiment. For the PHELIX beamline experiment, an MBE system was prepared for the
deposition of both elements in UHV. The deposition was conducted at room temperature, after
which the capped single crystal samples were introduced into the measurement manipulator.
The majority of the ARPES and CD-ARPES data were collected at URANOS at 40 K, within
the energy range of 20 eV to 55 eV. The PHELIX experiment was conducted at 40 and 80 K,
and the resulting XPS and CD-ARPES data will be presented.

4.2.1 XPS studies

The deposition of Fe on the surface of BixTe; was conducted in several stages until a
thickness of 1 A Fe was achieved. It was decided not to proceed with a thicker layer based on
the ARPES data which indicated that a capping process diminished surface quality, making it
unacceptable to continue collecting data with the remaining features at that stage of a research.
The initial step involved decorating the surface of BiTe; with 0.2 A of Fe atoms. The
experiments involving the deposition of Fe atoms were conducted on two beamlines, with the
initial studies performed at URANOS, focusing on ARPES data. Subsequent experiments,
including both ARPES and XPS, were carried out on the PHELIX beamline. The initial capping
process was predict to deposit 0.2-0.3 A per step until reaching a total thickness of 1 A.
However, due to the time-intensive nature of the preparation process, it was decided in the later
stages (at PHELIX) to reduce the number of deposition steps to three (first 0.2 A, second 0.5

A, third 1 A) to more efficiently monitor the electronic structure behavior.
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Figure 37 XPS survey spectra were collected with photon energy of 850 eV and temperature of 40 K.
(a) The spectra were measured for 0.2 A of Fe on top of Bi2Tes, and (b) for 0.5 A of Fe.
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After the initial deposition steps, further deposition was carried out, adding approximately 0.3
A of Fe atoms to the BixTe;s surface, resulting in a total expected coverage of 0.5 A of Fe on the
surface of the TI. Following the deposition, the sample alignment procedure was executed as
previously described, and XPS survey data were collected. However, the amount of Fe detected
was not significant at 850 eV. Due to limited beamtime, it was decided to proceed with ARPES
measurements at this point so the XPS deep profiling was not conducted on this system. A
coverage of 1 A was achieved in the next step of the preparation process. Figure 38 presents
survey data with indicators of the Fe3p and Fe2p core levels, which are visible at a photon
energy of 850 eV. The background shape at higher binding energies suggests a decrease in

surface quality, which is expected given the deposition process used.

The XPS data in Figure 37 present the survey spectra for 0.2 A and 0.5 A Fe deposited on top
of BixTes. From the outset, it must be understood that due to the exfoliation process, the surface
preparation is not ideal. Even on a relatively flat surface, there can be areas where the sample
is not well exfoliated, or where the surface is contaminated, making photoemission studies,
especially ARPES, challenging. For pristine Bi,Tes, the situation is more straightforward. A
good quality surface spot must be identified by scanning with the electron analyzer and sample
manipulator. Once such a spot is detected, the measurement can begin. However, when
additional preparation steps, such as deposition, are required, aligning the sample becomes

much more complex.

The first issue is that the deposition process, which varies across different end stations, often
operates with different geometric parameters (e.g., deposition angle or distance between the
atom source and the sample). This, together with other growth conditions, can ultimately lead
to uneven decoration of the surface, where islands or structures with varying densities of
deposited atoms form. These irregularities will affect the photoemission signal, potentially
leading to inconsistencies in the data. The second issue is that the sample manipulator monitors
position the sample with a resolution in the range of 5-10 pum. While this may seem insignificant
given that the beam spot size is approximately 100x50 um, it can still impact the spectra
resolution. Although this might not be as critical for XPS, it makes a significant difference in
ARPES. Therefore, the sample alignment procedure was standardized by starting with ARPES
spectra measured in Live Mode (snapshot mode). If a good quality surface spot was found, the
XPS measurements were initiated. The manipulator positions were saved, and after any further
preparation steps, alignment would begin from these saved positions. The assessment of surface

quality was based on the visibility of surface states at the I" point, within the I'-K direction. The
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final challenge encountered during data analysis and plotting was the variation in scan
parameters selected throughout the experiments. Due to the need to maximize counts and reduce
acquisition time, parameters such as Pass Energy or energy step were adjusted for both lower
and higher photon energies. This led to slight shifts in the kinetic energy axis, which can be
normalized to the Fermi level or the Au4f peak, but also disrupted ratio parameters (e.g., peak-
to-peak or peak-to-background ratios). A clear example is presented in the survey spectra in
Figure 37, where the energy step was set to 0.5 eV. This adjustment resulted in the Bi4f core
level being measured near its maximum, while the Te3d level was measured below its maxima,
potentially leading to some misinterpretation of the spectra. The survey spectra were only
measured after the deposition of the d-metal and are intended to serve as a reference for

subsequent steps.

Survey 850

Intensity [arb. unit]

— — e L
800 700 600 500 400 300 200 100 0
Binding Energy [eV]
Figure 38 XPS survey spectra were collected at 850 eV for 1 A of Fe atoms on BizTes. The red markers
indicate the positions of the Fe 2p and Fe 3p core levels, which are the main points of further analysis.

Of course, the primary technique for imaging surface states in topological materials is ARPES,
which enables imaging with ultra-high energy and angular resolution. However, the idea for

conducting detailed XPS studies emerged during the project as data analysis progressed and a
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broader spectrum of theoretical studies was reviewed. These studies suggest®® that when atoms
or gas molecules are deposited onto the surface of Bi;Tes, they may penetrate the material's
structure and occupy vdW gaps. The synchrotron radiation and beamlines offer a wide range of
measurement capabilities, one of which is the ability to vary the excitation energy, ultimately

allowing for depth profiling XPS measurements.

= 02_Fe3p_850
——02_Fe3p_700
——02_Fe3p_620
] ——02_Fe3p_550
—— 02_Fe3p_450
——02_Fe3p_400
7 ——02_Fe3p_350
——02_Fe3p_180
———02_Fe3p_170
B ——02_Fe3p_160
——02_Fe3p_150
——02_Fe3p_140
—'\/ ——02_Fe3p_130
\/ ——02_Fe3p_120
——02_Fe3p_115

Intensity [arb. unit]

B.E. [eV]

Figure 39 XPS data for the Fe3p core level. The spectra shown here were measured from the same spot
after the deposition of 0.2 A of Fe on the Bi,Te; surface. The use of a wide photon energy range allows
for variation in probing depth, providing detailed information about the chemical composition of the
produced interface.

The implementation of XPS depth profiling measurements is illustrated in Figure 39. The
spectra were collected across a wide energy range for the Fe3p core level. At first glance, it is
evident that the intensity of the Fe3p signal varies with different photon energies. Within the
range from 130 eV to 450 eV, the Fe3p signal remains detectable at the binding energy of around
53 eV. According to the IMFP curve, Figure 17, in this range, we are probing electrons from
depths of approximately 5 to 10 A (from the lowest to the highest kinetic energy). What is
unusual in this study is that at lower excitation energies, specifically 115 eV and 120 eV, the
Fe3p core level is not detected. According to the IMFP curve, these energies should provide

information from the very surface, at a depth of approximately 4 A (The penetration depth d

can also be calculated using the formula d = ﬁ where p is the absorption coefficient, which
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depends on the excitation energy w. The absorption coefficient is also material-dependent,
varying with different materials and influencing how deeply the photons penetrate into the

sample).
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Figure 40 Photoionization cross sections vs photon energy calculated!®!% for Fe3p core level.

However, scanning with varying excitation energies introduces additional considerations
beyond the technical and instrumental factors already mentioned. One critical factor that must
be accounted for in the analysis is the photoionization cross section. This parameter plays a
crucial role in XPS data analysis, especially when scanning across a wide energy range. The
photoionization cross section estimates the probability of an electron being ejected from the
material's surface upon absorbing UV light or x-rays. There is no universal formula that allows
for direct calculation of the photoemission cross section; therefore, tabulated data are widely

used in this context!0®110.111

. In Figure 40, the Fe3p cross-section calculations are plotted
according to available data in'®!%, In these studies, the following equation was applied to
calculate the photoionization cross section
2 2
Onj(E) = M%%' |Rnlj(E)|2 4.3
where «a is the fine structure constant, ; is the Bohr radius, g; and g, are statistical weights
for the specific orbital nlj and the initial state and Ry,;;(E)is the radial matrix element for the

photoionization process.
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Before analyzing the depth profile XPS spectra, it is essential to carefully examine the data
presented in Figure 40. The photon energy range used in the experiment spans from 115 eV to
850 eV. Within this range, the photoionization cross section varies significantly, decreasing
from 0.8 to 0.1 mbarn (1 barn = 10>* cm?), with a peak value of 1 mbarn observed between 155
and 160 eV. An important consideration for further data analysis is that the cross section remains
relatively high, around 0.8 mbarn, for photon energies in the 110-115 eV and 220-230 eV
ranges. Returning to Figure 39, we observe that the intensity of the Fe3p peak increases within
the energy range where the photoemission cross section is notably high. The change in this
parameter is also significant, varying by approximately 30% for energies in the range of 100
eV to 250 eV. Despite this variation, the value of the cross section remains relatively high in
this energy range, especially when compared to higher energies like 450 eV or 850 eV, where

the cross section values drop to 0.3 and 0.09, respectively.

Considering the information from the photoionization cross section and the interpretation of the
IMFP, we can infer from the collected XPS data that after the initial deposition of approximately
0.2 A of Fe on the surface of BiyTes, Fe was detected. However, the highest intensity of the
Fe3p peak does not correspond to energies that probe the very surface of the material. This
suggests that either the amount of Fe atoms at the illuminated spot was insufficient (potentially
due to a non-uniform deposition process) or that a significant portion of the Fe atoms were
absorbed into the Bi>Tes structure, as discussed earlier. To further discuss this assumption, it is
important to note that the data in Figure 39 are not normalized to the photoionization cross
section. The energy scale and intensity were normalized to the Fermi level and a current
diagnostic device (mirror current), respectively. Therefore, understanding the quoted values for

photoemission cross section is crucial for the subsequent research steps.
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Figure 41 XPS data for the Fe3p core level. The spectra shown here were measured from the same spot
after the deposition of 1 A of Fe on the Bi,Tes surface.

The primary focus during the Fe-capped Bi>Tes studies was on the Fe3p, Te4d, and Bi5d core
levels. Figure 41 presents XPS data for the Fe3p core level collected over a wide energy range.
Based on data from lower Fe coverage, the starting excitation energy was reduced to 100 eV.
Even after depositing five times more Fe atoms in the preparation process, the Fe3p core level

signal remains nearly undetectable at the lowest photon energies (100 eV and 110 eV).

As shown in Figure 41, the amount of Fe is significantly higher compared to the first deposition
step, with the maximum intensity of this transition appearing over a wide energy range, starting
at 120 eV, increasing up to 200 eV, and then gradually decreasing as it approaches 850 eV,
where the signal is very small. Considering the IMFP and photoionization cross-section
parameters, this example suggests that Fe migration into the material is occurring. However, to
fully understand this possible behavior, an analysis of the Te and Bi core levels must also be

completed.
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Figure 42 a) XPS spectra of the Te4d core level were collected across a photon energy range of 100 eV
to 850 eV. The observed asymmetric shape of the core level peaks b-d) suggests that Te forms additional
phases during the sample preparation and measurement processes.

Measurements of the Te4d and Bi5d core levels were conducted in conjunction with Fe3p
spectra to ensure coherence. As shown in Figure 42, the Te4d spectra were collected across the
same energy range as the Fe3p spectra. Analysis of the Te4d core level reveals an asymmetry
toward higher binding energies, a feature not observed in pristine Bi>Tes. This asymmetry may
indicate that Te has formed a new phase, which appears as a result of Fe deposition. According
to the studies referenced in''>!!3, the phase produced in the reaction is FeTe, which is expected
to be amorphous in our case, as there was no heat treatment of the substrate to reconstruct the
structure. It was also anticipated that Fe deposition could trigger a chemical reaction with Te
atoms near the surface because the XPS data for the pristine material showed an excess of Te
atoms in the BixTes structure. The energy position of the Tedds, peak is revealed to be 39.85
eV, indicating a shift of approximately 300 meV compared to the spectra collected for pristine
BizTes. This chemical shift can be discussed as a band bending effect, a phenomenon already
mentioned in this thesis. Band bending causes an energy shift of the entire photoemission
spectrum near the surface where the junction is form and this effect occurs and it is expected to
be occurring in range of 200-300 meV according to ARPES data® that will be presented in the
next pages. This phenomenon will be explained in more detail in the section where ARPES data

is interpreted. A stable energy shift is observed in the photon energy range of 100 to 250 eV.
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Beyond this point, the shift begins to decrease towards lower binding energies, with the position
of the Tedds» peak at 39.80 eV at 500 eV photon energy. This indicates that at these energies,
we are approaching the limit of the band bending effect. Unfortunately, there is an inconsistency
in the data for the 850 eV excitation energy. During post-experiment analysis, it was observed
that the Fermi level was not fully captured, preventing the fit from being conducted in the same
manner as for the other results. This discrepancy could affect the position of the core levels
measured at this specific energy. Nevertheless, this result remains crucial for the overall

experiment and must be presented to fully understand the chemistry of the produced interface.

—— 02_Te4d_850
Ted |—— 02_Tedd_700
——02_Tedd_620
|—— 02_Te4d_550
- 02_Tedd_520
—— 02_Tedd_450
—— 02_Tedd_400
—— 02_Te4d_350
—— 02 Te4d_180
—— 02_Tedd_170
- 02_Te4d_160

——02_Te4d_150
—— 02_Te4d_140
\— 02_Te4d_130
f——02_Te4d_120
——02_Te4d_115

Intensity [arb. unit]

43 42 41 40 39 38 37
B.E. [eV]

Figure 43 XPS spectra of the Te4d core level were collected for a 0.2 A Fe deposited on the surface of
Bi,Tes, in a photon energy range of 115 eV to 850 eV.

To complete the discussion of the Te4d core level, Figure 43 presents the data collected for a
coverage of 0.2 A of Fe, where a shift in the peak position across a wider energy range is
observed. The energy position of the Te4ds, peak at a photon energy of 115 eV i1s 39.76 eV,
indicating that a junction has been created and that the band bending effect is occurring. The
maximum shift in the energy position is recorded at 39.83 eV for an excitation energy of 180
eV. This position remains stable until reaching 520 eV, after which it begins to shift towards
lower binding energies, eventually reaching a position close to that of detected for the pristine

material, 39.57 eV, at 700 eV.
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Figure 44 XPS spectra of the Bi5d core level were collected for a summary of 1 A Fe deposited on the
surface of Bi,Tes, in a photon energy range of 100 eV to 850 eV.

To complete the XPS data analysis, the core level of Bi must be examined. It has already been
established that the surface decoration process with Fe atoms has induced several effects, such
as the absorption of Fe atoms into the structure and chemical reactions on the surface, leading
to the formation of the FeTe phase. Figure 44 presents the data for the BiS5d core level.
Compared to the pristine material, it is evident that for excitation energies ranging from 100 eV
to 500 eV, a multi-component structure of the core level is observed. The main Bi5ds» peak is
located at 24.72 eV (Appendix 1), with an energy shift of approximately 350 meV towards
higher binding energies relative to the data collected for pristine BioTes. The similar behavior
as for the Te4d core level where energy shift towards lower binding energies is also detected
for energies above 400 eV, with the peak positioned at 24.60 eV at 500 eV. The behavior of the
energy shift for Te4d and Bi5d is consistent within the same energy range. It is important to
note that at an excitation energy of 850 eV, the metallic component of the Bi5d spectra is not
observed. This absence indicates that the metallic Bi is confined to the very surface of the

Bi,Tes.

The additional component in the Bi5d spectra is observed at a binding energy of 24.12 eV and

can be attributed to the metallic component of Bi!!#. This can be explained by the fact that Fe

81



can substitute Bi (Fep;) in the Bi,Tes lattice®’. According to DFT calculations and STM
studies®?, Fepi is identified as the lowest-energy-defect configuration, compared to Fe
substitution at the Te site. The Fep;i configuration can be observed when deposition occurs at
temperatures that are not low (in case of my studies the deposition took place at RT). The
potential influence of the high-intensity photon flux during the measurements must also be
considered, as it could drive chemical processes on the material's surface by locally heating the
illuminated sample spot. However, no significant evolution of the Bi5d or Te4d core levels was
observed during the XPS measurements, which suggests that the substitution Feg; is a possible
explanation for the phenomena observed in the XPS data presented here. Additionally, the data
indicate that the concentration of metallic Bi is close to the surface, covering the Bi>Tes
material, which is sort of rich in the FeTe phase. It is also worth noting that the activation energy
for the Fe-Te reaction is lower than for the Bi-Fe reaction, further supporting the likelihood of
appearance of Fe-Te bonding in this system.
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Figure 45 The XPS and XAS spectra collected for Bi»Tes; capped with 1 A of Fe. The Fe2p core level
was measured using XPS at an excitation energy of 850 eV, as shown in a). In b), the XAS spectra of
the Fe L-edge are presented, measured using right- and left-circularly polarized light (red and blue,
respectively). XAS data were normalize to the mirror current to get the counts (beamline diagnostic
device).

To conclude the discussion of the XPS data, the spectra of the Fe2p core level are presented in
Figure 45 a). The maximum of Fe2p3. peak is observed at a binding energy of 706.2 eV, which
indicates that the Fe is in a metallic state. This observation closely aligns with XPS data
measured for FeTe films!!®. One of the primary objectives of depositing Fe on the surface of
Bi,Te; was to introduce magnetic interactions. Figure 45 b) shows an attempt to measure this

magnetic behavior in the Fe L-edge region using XAS (TEY mode) with circularly polarized
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light (both left and right). Unfortunately, no differences in the peak intensity was observed,
which suggests that the deposition of approximately 1 A of Fe is insufficient to induce magnetic

order in the constructed junction.

Figure 46 The illustrative proposition of the Fe atoms deposition influence at the Bi,Te; surface
structure.

The proposed illustration Figure 46 of the influence of Fe atom deposition on the Bi>Te; surface

structure suggests the existence of three distinct regions, as indicated by XPS data:

e surface region (Green): This is where metallic Bi has formed, likely due to the
substitution of Bi by Fe atoms during deposition.

¢ middle surface region (Yellow): In this area, the formation of the FeTe phase is possible,
indicating a chemical reaction between Fe and Te atoms near the surface.

e Bottom region (Blue): This region remains largely untouched, preserving the original

Bi>Tes structure.

These findings highlight the stratified nature of the surface modification induced by Fe

deposition.

4.2.2 ARPES and CD-ARPES studies

The very first experiment conducted during my research on the BixTe; system was ARPES
at the URANOS beamline. The measurements for the pristine material were demonstrated in a
one of the previous sections. Here, the ARPES data for the BioTes single crystal capped with Fe

atoms will be presented. In this first experiment, it was decided that the deposition process

&3
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would occur in four steps: the first step involved 0.2 A, followed by 0.5 A, then 0.8 A, and
finally, a total of 1 A of Fe was deposited on the surface of the topological insulator. Initially,
the plan was to evaporate approximately 2 A of Fe (around 1 monolayer), but during the ARPES
experiment, it became apparent that this approach would not successfully open the gap.
Additionally, CD-ARPES measurements were carried out using photon energies of 50 eV and
55 eV. These energies were chosen based on the expected position of the Fe3p peak, which is
located around a binding energy of 53 eV. The influence of Fe deposition on the CD signal was
measured for the selected systems. Unfortunately, due to technical issues related to both the
sample and the beamline, some data from this ARPES and CD-ARPES experiment were not
collected properly, making accurate analysis impossible. Consequently, only a portion of the

collected data will be presented in this section.
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Figure 47 ARPES data were collected using a-e) 20 eV photons and f-j) 55 eV photons at 40 K to observe
the evolution of the electronic band structure upon the deposition of Fe atoms on the surface of Bi,Tes.
Picture a) and f) represent the spectra for the pristine material, serving as references. Picture b) and g)
show data after the deposition of 0.2 A of Fe, c) and h) after 0.5 A of Fe, d) and i) after 0.8 A of Fe, and
finally e) and j) after 1 A of Fe on the surface.
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Figure 48 The black (20 eV photons) and red (55 eV photons) triangles in this figure highlight the
observed shift of the Dirac point in the electronic structure of Bi,Te; under Fe capping. These markers
clearly indicate the extent of the energy shift, providing a visual representation of the band bending
effect as Fe atoms are deposited onto the surface of the topological insulator.

The main findings related to the ARPES data are presented in Figure 47, where the evolution
of the electronic structure is observed under the deposition of Fe atoms on Bi,Tes. A clear energy
shift, indicative of a downward band bending effect, is evident in both the 20 eV and 55 eV data
series. Initially, the Dirac point is positioned at approximately 100 meV below the Fermi level
in the pristine material. By tracking the position of the Dirac point across the energy scale,
precise information about the extent of band bending occurring at the material's surface is
obtained, Figure 48. The position of the Dirac point was observed to be approximately 360 meV
and 375 meV below the Fermi level for the first deposition, using 20 eV and 55 eV photon
energies, respectively. Subsequent depositions exhibited a steady downward trend for 20 eV
photons, revealing the conduction band minima, CBM1 and CBM2, in the later deposition
steps, with the Dirac point eventually reaching around 380 meV. However, analyzing the energy
position of the Dirca point is challenging with 20 eV photons because the intensity of this point
is the same as rest of the VB. In case of 55 eV photons, the Dirac point is more distinctly visible,
showing higher intensity compared to the rest of the electronic structure within the VB. The
existence of CBM1 and CBM2 upon the deposition of Fe indicates the formation of a 2DEG

near the surface!!®, driven by the junction formation at the top of Bi>Tes. The existence of the
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2DEG should be expected when downward band bending occurs in a narrow-gap
semiconductor, particularly if the shift in the chemical potential approaches the CBM. This shift
can lead to the creation of quantum wells that trap electrons near the surface. In conventional
semiconductors, the 2DEG is typically degenerate, but due to the very strong SOC in Bi,Tes,

the bands within the CB are also quantized.

The band bending effect has been mentioned several times throughout this thesis, yet a detailed
theoretical explanation is still needed to fully understand why bands bend when a connection
between metal and semiconductor occurs. There are several types of contacts that can induce
band bending, such as ferroelectric/semiconductor, magnet/semiconductor, or
semiconductor/semiconductor junctions. In the case of a metal making contact with a
semiconductor (forming a Schottky junction or Schottky contact), electrons begin to migrate
from one material to the other - specifically, from the material with a lower work function to
the one with a higher work function. This migration continues until an electric field develops
that halts further electron transport. This process can be described using two fundamental
relationships. The first relationship links the electron density to the potential within the

materials through the Boltzmann distribution

q¢x)
n(x) = nge k8T

44

where n(x) is the electron density in the function of position x, n, is the bulk electron density,

q is the electron charge and ¢ (x) is the local electrostatic potential.

The second relationship is the Poisson equation which relates the spatial distribution of the

electric potential ¢ (x) with the charge density p(x) in material
2
@) _ pk) is
dx? €

Where € is the permittivity of the material. The Poisson equation give information about the

potential change near the junction where band bending occurs. Both of these equations provides
description about how the distribution of the electron within the interface leads development of

the electric field which driven the band bending effect in the semiconductors.
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Figure 49 ARPES data collected for Bi>Te; capped with 0.8 A of Fe. The blue lines indicate the surface
states, the yellow dot marks CBM1, and the green dot marks CBM?2. The red dots indicate the 5 split
bands in the M-shape VB.

Additionally, the band bending effect can drive other phenomena, such as the existence of
quantum well states within the VB (and CB). These quantum well states arise when the band
bending creates a potential well that can confine charge carriers, leading to discrete energy

levels, E,,, within the valence or conduction band, Figure 49, and can be express as

1\ 2/3

2/3 n-z

E, = (3”h F)
n — 2 q m*

where F is the electric field induce by band bending and n is the quantum number.

In the BixTes system decorated with a transition metal, such as Fe, the formation of a metal-
semiconductor junction is expected, where the previously discussed band bending and quantum
confinement effects driven by band bending can occur. These effects have already been

54,65,101,103,104,116,117

observed in other systems, such as BixSe; , which is a common material where

band bending is introduced by dopants or surface decoration. In BixTes, quantum well states

3. It is anticipated that

have also been introduced through non-magnetic decoration’
perturbations to the electrostatic potential-such as those induced by Fe deposition on the
surface-will result in band bending. Along with the large potential step at the vacuum/material
interface, this creates a quantum well for electrons, potentially leading to the splitting of the VB
and CB into subbands™, as observed in Figure 47.
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However, for such band splitting to occur, certain conditions must be met, such as the band
bending effect being greater than the width of the VB itself. While this is relatively easy to
achieve in BixSes, it is more debatable in Bi>Tes. In the case of my system, considering all
parameters, the final band bending is estimated to be in the range of 320-330 meV (the cause
of the band bending is twofold: residual gas absorption on the surface and the illumination with
UV or soft X-rays run the first band bending which occurs a few seconds after illumination and
the second related to Fe deposition). The M-shaped VB in the I'-K direction of BixTe; is
approximately 340-350 meV wide. Therefore, it is possible that this condition is not fully met

in these studies.

Another possible explanation for the existence of splitting bands within the VB and CB can be
discussed in the context of vdW gaps and their expansion when adatoms occupy these spaces.
The expansion of vdW gaps can lead to the emergence of additional bands corresponding to

46,86

different vdW spacings™°® within the studied system. I can expect that this behavior may also

drive the splitting process in my system.
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Figure 50 ARPES map collected, for Bi,Te; covered with 0.5 A of Fe, using 20 eV photons. In panel a),
the Fermi level is shown near 0.0 eV binding energy, with two bands appearing near the I" point identified
as CBM1 and CBM2. The outermost structures represent the surface states. b) presents a cut near CBM1,
and c) shows a cut near the Dirac point, where the M-shaped subbands are visualized.

We must return now to the primary objective of this study, which is the potential opening of a
gap between the VB and the surface states. Both results, for 20 eV and 55 eV, show that gap
opening did not occur as a result of Fe atom deposition on the surface of the topological
insulator, Figure 47. This outcome was somewhat expected, as previous XAS studies indicated

that the Fe2p state did not exhibit magnetic properties in this system. However, it is notable that

88



the surface states for the 55 eV energy remain clearly visible throughout the entire deposition

process, whereas for 20 eV photons, these states diminish as the Fe atom coverage increases.

Binding Energy 4

Fermilevel

Bulk Surface

Figure 51 Illustrative representation of the band bending scenario in Bi2Te3 driven by the deposition of
a transition metal (Fe in this case) on the surface of the TI. Based on the ARPES and XPS data, the
surface can be divided into two regions: one rich in metallic Bi and another where the FeTe phase occurs.
Analyzing the energy-dependent ARPES spectra (20 eV and 55 eV) alongside the IMFP curve, it can be
concluded that within the junction, band bending is slightly stronger in the FeTe region compared to the
very surface.

One possible explanation for this is that in the case of measurements taken with 20 eV photons,
the band bending scenario is stronger, and it is well-known that intense band bending can lead
to the suppression of surface states. Another explanation, which has been a recurring theme
throughout this work, involves the probing depth associated with the photon energy. If we
consider the IMFP curve, it can be assumed that the probing depth for 20 eV photons is greater
than that for 55 eV photons, where the probing depth is at its minimum on the curve. This
suggests that the surface states in this system are strongly localized at the surface, and that Fe
atoms may penetrate the material, reaching deeper layers either in the form of compounds or as

additional atoms occupying the vdW gaps, Figure 51.

As shown in Figure 50, the ARPES 2D maps were also taken for the VB region. The main
feature observed in these maps is the characteristic hexagonal shape of the bands mapped near

the Fermi surface. Hexagonal warping of the Fermi surface occurs due to the interplay between
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the crystal symmetry and the spin-orbit interaction, leading to an anisotropic (non-circular)

Fermi surface. This effect can be observed in the M-shaped VB, surface states, and CB.
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Figure 52 CD-ARPES data collected at 55 eV for Bi,Tes; under the deposition of Fe onto the surface
show the evolution of the electronic structure. In a) the pristine sample is measured, serving as the
reference. b) presents data after the deposition of 0.2 A of Fe, revealing initial changes in the surface
states. ¢) shows the data for 0.5 A of Fe and d) displays the data for 0.8 A of Fe.

To conclude the ARPES results for the Fe/BioTes system, the CD-ARPES measurements must
be discussed. For the pristine Bi;Tes;, the CD-ARPES data were consistent with previous
studies, showing no unexpected results. The goal of this research was to experimentally observe
a change in the sign of the CD signal, indicative of OAM in the electronic structure near the
Fermi level, due to the influence of magnetic Fe. Unfortunately, or perhaps fortuitously, these
studies revealed that the OAM response remains resistant to the chemical and structural changes
introduced by the Fe deposition on the BixTe; surface as shown in Figure 52. One of the

interesting results is that the CB also exhibits differences in the CD measurements. This
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suggests that strong SOC leads to significant spin polarization of the electrons within these

quantized bands.

a) b)

05
109 :
uf uf
uf 2.0 uf -2.0
25 s
=0 3.0
S r. r1I 15101 -3.5 r rr r - 1 11
04 -02 00 02 04 04 02 00 02 04
ky [1/A] ky [1/A]

Figure 53 CD-ARPES data for the VB wide biding energy range measured a) for 51 eV and b) 55 eV.

No signal changes was observed for different excitation energies within the Fe3p core level
range (from 50 eV to 55 eV) as shown in Figure 53. Combining data measured for the pristine
material and the system with Fe it can be clearly see that CD sign is mostly related for different
excitation energies. In this studies it is shown that this changes occurs in several region within

photon range from 50 to 140 eV.

91

99:8281055005



a) b) a)

0.0 0.0 0.0

-0.1 -0.1 -0.1

-0.2 -0.2 -0.2

E(-Er [eV]
E-E¢ [eV]

-0.3 -0.3 -0.3

EEr [eV]
E(-Er [eV]
E(-Er [eV]

-0.4 -04 -0.4

-0.5 -0.5 -0.5 -0.5

06 ‘ . . 06 06 06 064
0.30 -0.15 0.00 0.15 0.30 0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30
K, [1/A] ke [1/A] ke [1/A] ke [1/A] ke [1/A]

h)

0.0 0.0

g)

0.0

0.0

0.0

-0.1 -0.1 -0.1 -0.1 -0.1

-0.2 -0.2 -0.2 -0.2 -0.2

-0.3 -0.3 -0.3 -0.3 -0.3

E-Er [eV]
E-Er [eV]
E-Er [eV]
E(-Er [eV]
E-E¢ [eV]

-04 -04 -0.4 -04 -04

-0.5 -0.5 -0.5 -05 -0.5

-0.6 -06 -06

06 06 s 1
-0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30 -0.30 -0.15 0.00 0.15 0.30
ke [1/A] ke [1/A] K, [1/A]

0.30 -0.15 0.00 0.15 0.30 0.30 -0.15 0.00 0.15 0.30
ke [1/A] ke [1/A]

Figure 54 ARPES data collected at 120 eV for Bi,Tes under the deposition of 0.2 A Fe. The clear
evolution of the band structure occurs during the illumination of the surface and the upward shift in the
chemical potential is observed. In a) spectra is taken first after few hours not illuminating the sample
surface with the x-rays. From b) to j) spectra were collected from the same spot every two minutes.

The evolution of the electronic structure under x-ray illumination was presented and discussed
for pristine Bi>Tes in the earlier stages of this thesis. It was shown that, following the surface
preparation process, the chemical potential shifts within just a few minutes, accompanied by a
downward band shift that positions the Dirac point approximately 50 meV further below the
Fermi level. After this initial shift, no further evolution was observed over the course of several

hours.

In contrast, Figure 54 presents the electronic structure evolution under illumination with 120
eV photons for Bi,Tes; capped with Fe. In this case, the surface of the sample was not illuminated
for approximately three hours. After that time the spectra in Figure 54 were taken. Each
spectrum, starting from b) was taken every two minutes under consistent experimental
parameters. Over the course of about 20 minutes, an upward shift in the chemical potential is
observed, covering the electronic structure. This behavior is opposite to the effect previously

reported in this thesis for pristine Bi>Tes.

A possible explanation for this process is that, after Fe deposition, the vdW gaps near the surface
become occupied by Fe adatoms, preventing the migration of gas adsorbates into these regions

of the material. According to Figure 33, this upward band shift may occur when residual gas
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molecules are ionized and subsequently desorbed from the surface. After 20 minutes of
illumination, the Fe/Bi,Tes system appears to stabilize, with a 50 meV upward shift of the
chemical potential. These considerations are an attempt to explain the observed effect based on

the data presented within this thesis.
4.3 BizTes/Co system

During the research, an opportunity arose to repeat some of the experiments using a
different transition metal. Co was chosen due to its similar properties and technical
considerations. Two brief ARPES and XPS experiments were conducted on the PHELIX and
URANOS beamlines. Cobalt has one more electron than Fe in its valence shell and is
characterized by a lower magnetic moment and a higher Curie temperature compared to Fe.
The experimental plan closely mirrored the one previously executed for Fe. Although prior
studies have explored the use of Co as a potential dopant in Bi»Te;®""!'® and Bi,Ses!!*1?! there

is relatively little published data on Co/TI systems.

The experimental plan involving Co deposition on top of a BixTes single crystal was
straightforward. The evaporation process was carried out under UHV conditions using a
PREVAC-type EBV (deposition from the wire). In the URANOS experiment, the EBV was
attached to the preparation chamber as auxiliary equipment, while in the PHELIX experiment,
the Co evaporator was connected to the MBE system as standard equipment. In both cases, the
deposition rate was calibrated using a quartz crystal microbalance. For the XPS experiment, the
deposition rate was set at 0.3 A/min, and the Co was deposited onto the Bi>Tes material in three
steps-0.3 A,0.6 A, and 1 A - at room temperature. For the ARPES experiment on the URANOS
beamline, the deposition was performed in four steps - 0.2 A, 0.4 A, 0.6 A, and 1 A - of Co onto
the single crystal. In case of the XPS experiment, after each deposition process the ARPES scan
was performed to check the quality of the surface, Appendix 2. It was expected when the surface

states are visible the experiment can be carried on.

4.3.1 XPS studies

As previously mentioned, the three-step deposition process was carried out to achieve a
final Co coverage of 1 A on the surface of the BirTes single crystal. The evolution of the
electronic structure during deposition was monitored using ARPES, CD-ARPES, and XPS. The

XPS studies were conducted in the same manner as for the Fe system. Unfortunately, there was
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not enough time to repeat all the steps as thoroughly as in the Fe case. However, the quantity

and quality of the data obtained are sufficient to briefly discuss the results and draw conclusions.
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Figure 55 Photoionization cross sections vs photon energy calculated!®!% for Co3p core level.
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Figure 56 XPS data for the Co3p core level. The spectra shown here were measured from the same spot
after the deposition of 0.3 A of Co on the Bi,Tes surface.

XPS depth profiling was performed. Similar to the Fe case, the cross-section parameter requires
careful consideration. The Co3p core level was selected for detailed study using seven different

excitation energies, ranging from 115 eV to 1000 eV. Before analyzing the data presented in
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Figure 49, the photoionization cross-section of Co3p is discussed. The behavior is very similar
to that of Fe3p, and the analysis of the Co3p core level intensity was conducted in the same
manner as for Fe. The maximum of the Co3p cross section is placed in the energy range from

150 eV to 180 eV and for energy of 115 eV the value is 0.73 when for 200 eV is 0.88.
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Figure 57 XPS spectra of the Bi5d and Te4d core levels were collected for a 0.3 A Co deposited on the
surface of Bi,Tes, in a photon energy range of 115 eV to 400 eV.

As shown in Figure 56, the Co3p core level was measured using a variety of excitation energies
to obtain information about the chemical composition of the surface with 0.3 A Co decoration.
Analyzing these results, might draw the same conclusion as for Fe, suggesting that a migration
process could be occurring in this case as well. Notably, the intensity of the Co3p core level at
low Co coverage is higher compared to the low coverage of Fe atoms. However, this
observation does not impact the Bi5d and Te4d core levels, as shown for 0.3 A Co in Figure 57.
The asymmetry in the Te4d core level start to be observed for the lowest excitation energies,
but no additional components corresponding to metallic Bi are detected in the Bi5d core level

either. These results are also consistent with those observed for the Fe system.
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Figure 58 XPS data for the Co3p core level. The spectra shown here were measured from the same spot

after the deposition of 1 A of Co on the Bi,Te; surface. The photon energy range was extend up to 1000

eV.
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Figure 59 XPS spectra of the Bi5d and Te4d core levels were collected for a 1 A Co deposited on the
surface of Bi,Tes, in a photon energy range of 115 eV to 1000 eV.

The next deposition steps were carried out, and the corresponding spectra for Co3p, Bi5d, and

Te4d were recorded. As shown in Figure 58 and Figure 59, the evolution of the electronic

structure is significant, and features in the core levels that were barely detectable at 0.3 A Co

coverage are now clearly observed. Analyzing the Co3p core level, it is evident that as the

photon energy increases, the intensity of the core level becomes higher and is detectable even

at the highest energy of 1000 eV. When considering the same conditions and analytical

parameters used for Fe, it can be stated that Co adatoms migrate into the Bi>Tes structure, either
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as adatoms or as substituent atoms in the lattice, forming an additional phase at the surface of

the TI. To confirm this, an analysis of the Te and Bi core levels is necessary.
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Figure 60 XPS spectra of the Bi4f core level are presented in a) for the Co total coverage of 1 A, in a
photon energy range of 115 eV to 1000 eV. In b) Co2p core level after subsequent depositions.

As Figure 59 presents, there are clear signs of a metallic bismuth component (binding energy
of 24.0 eV) in the Bi5d core level, for low excitation energies which gradually diminishes as
the energy increases. A strong asymmetry is detected in the Te4d core level. This additional
phase likely arises from the migration of Co adatoms and the substitution of Bi atoms in the
lattice by these adatoms. Although there is limited published data on this topic, the analysis of
the multicomponent Te4d spectra indicates that the additional doublet component is shifted
toward higher binding energies by 550 meV from the original Bi>Tes peaks. This shift may be
associated with the formation of a CoTe phase, where the higher binding energy shift in Co

11?2, Additional XPS data are presented in Figure

could be related to bonding with another meta
60. The analysis of the Bi4f core level confirms the presence of a metallic bismuth component
at low excitation energies, which had been previously associated with a shallow probing depth
compared to higher photon energies. According to the XPS data presented here, it can be
assumed that the surface modification processes are very similar to those observed in the case
of Fe deposition, where a metallic component of Bi was detected at the surface, and an

additional phase, in this case, CoTe, likely formed.

4.3.2 ARPES and CD-ARPES studies

At the URANOS beamline, a full commitment to the ARPES experiment was made. The
measurements were conducted at 100 K using photon energies of 20 eV and 55 eV, as shown

in Figure 61 below. It is important to note that by this stage, the sample quality had deteriorated
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compared to the beginning of the project. The repeated exfoliations, both in air and UHV,
introduced significant surface roughness, which was visible to the naked eye. Despite this, it

was still possible to locate a high-quality spot after exfoliation and perform the ARPES

experiment.
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Figure 61 ARPES data were collected using a-e) 20 eV photons and f-j) 55 eV photons at 100 K to
observe the evolution of the electronic band structure upon the deposition of Co atoms on the surface of
Bi,Tes. Picture a) and f) represent the spectra for the pristine material, serving as references. Picture b)
and g) show data after the deposition of 0.2 A of Co, c¢) and h) after 0.4 A of Co, d) and i) after 0.6 A of
Co, and finally e) and j) after 1 A of Co on the surface.

The data presented in Figure 61 are comparable to those collected for the Fe system. Band
bending is observed, and according to results shown in Figure 61, the magnitude of the band
bending is approximately 280 meV (considering residual gas absorption and X-ray effects on
the material's surface). This value is lower than that observed for Fe, yet quantized subbands
still exist in the modified material. This observation could contribute to the discussion on
whether band bending must be larger than the valence band for quantization to occur. With
further deposition, surface states begin to diminish for 20 eV photon energy, and quantized
conduction band states become apparent (2DEG), similar to the Fe case. For 55 eV, surface
states remain visible up to 1 A of Co deposition, though the data quality is poorer which can

indicate that Co adatoms could start occupied the surface of the material.
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Figure 62 CD-ARPES data for 55 eV photon energy with 0.6 A of Co deposition on Bi,Tes.

Finally, CD-ARPES measurements were conducted, with an example shown in Figure 62. The
CD signal did not exhibit a change in sign, similar to the results observed for Fe deposition at
an energy of 55 eV. It is understood that the photon energy of 55 eV may not be optimal for
probing Co, as the Co3p core level is deeper within the electronic structure compared to Fe.
Despite this, the measurements were performed, and no significant deviations from the results
obtained with Fe were observed. This consistency suggests that the influence of Co on the CD

signal, at this photon energy, is comparable to that of Fe.

However, to conclude the experimental section of this dissertation, I would like to highlight one
intriguing result observed during the experiments with Co, as shown in Figure 63. The ARPES
spectrum was collected at an energy of 120 eV for Bi»Tes covered with 0.3 A of Co. Upon
analyzing this result, it appears that there is only one surface state, referred to as a chiral surface
state, which is typically associated with the QAHE. This effect can occur in TIs when a
magnetic material induces magnetic order to the system, thereby affecting the electronic
structure through the proximity effect. Unfortunately, this particular result was obtained during
a night shift, and the analysis was completed after the entire experiment was ended. There was
an attempt to replicate this observation, but this structure was not detected in subsequent

measurements.
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Figure 63 a) ARPES data collected with the horizontal polarized light for the energy of 120 eV for the
0.3 A Co on the Bi,Tes. In b) is presents the intensity profile within the red line mark in the ARPES
spectra.
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Chapter 5 Summary and perspectives

Final Chapter concludes the thesis with a summary and future perspectives. Section 5.1 recaps
the key findings on the electronic structure and magnetic properties of Bi»Tes covered with Fe
and Co layers. Section 5.2 explores potential future directions for research, suggesting how the
insights gained could be applied to further investigations and practical applications of magnetic

topological insulators.
5.1 Summary

In my research, I focused on studying the electronic structure and magnetic properties of
the three-dimensional topological insulator Bi>Tes, with transition metals Fe and Co deposited
on its surface using MBE. The goal was to investigate how the deposition of these transition
metals affected the surface states, electronic structure, and magnetic properties of the resulting
heterostructures. The research involved a reference Bi-Tes crystal and two subsystems (one with
Fe and the other with Co), where varying thicknesses of the respective transition metals, ranging
from 0.2 A to 1 A, were deposited onto the Bi.Tes crystal surface. Surface-sensitive
experimental techniques utilizing synchrotron radiation, including ARPES, XPS, XAS, and
CD-ARPES, were employed.

The ARPES data played a crucial role in this research, revealing significant differences in the
electronic structure between the pristine and the metal-capped Bi.Tes systems. The study
showed that surface modification through low coverage with transition metals led to the
emergence of quantum well states and n-type band bending, which had not been reported
previously. In the Fe system, band bending reached as high as 375 meV, unveiling quantized
conduction bands (also reported for Co). However, detailed experiments with the pristine
material also revealed that the influence of the synchrotron radiation and processes such as
absorption of residual gases can cause surface and structural modifications, leading to band

bending and band splitting.

One of the primary goals of this thesis was to observe the opening of a band gap, which was
not achieved. This suggests that the submonolayer interface formed by Fe and Co does not
exhibit the expected magnetic properties. Nevertheless, in the case of Fe, magnetic properties
were not observed in the XAS data. Additionally, at deposition levels of 1 A, the surface states
began to vanish (surface states were observed for 0.2 to 0.8 A coverage), likely due to the

increasing structural disorder after deposition.
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To expand the ARPES studies of Bi.Tes, CD-ARPES data were also collected. It was
demonstrated that the CD signal within the VB did not change its sign with increasing amounts
of deposited transition metals, particularly Fe. The CD signal near the Fe3p transition showed
no sign change, which was a key focus of this research. Further discussion of the CD-ARPES
data, particularly regarding OAM probing, would require more complex models of

photoemission that were not explored in this thesis.

XPS studies provided information on the chemical composition of the Bi.Tes surface and
interlayer stability, both with and without modification. The measurements revealed the
presence of three chemically distinct regions on the surface after Fe and Co deposition. The
results indicated the existence of iron-telluride and cobalt-telluride compounds, as well as a Bi-
rich region at the top of the formed interfaces. Concluding the XPS research, we found that
deep-profiling using synchrotron radiation is a powerful tool for investigating changes in the

electronic structure at phase boundaries or manufactured interfaces.

Despite the tremendous advantages of synchrotron radiation in electronic structure studies -
such as tunable photon energies, high energy resolution, high photon flux, and small beam spots
- the results of my investigation reveal several challenges to consider when probing
photoelectrons. One of the main issues is radiation damage due to the high photon flux, which
can modify the electronic structure within the first few seconds or minutes of exposure.
Additionally, surface adsorption of residual gas molecules can lead to chemical modifications.
Theoretical experiment preparation, such as understanding the IMFP curve and photoionization
cross-section parameters for specific elements, also plays a crucial role in the use of synchrotron
radiation. Furthermore, technical limitations, such as the transmission functions of

photoelectron analyzers, may not be well-suited for a wide range of excitation energies.

Ultimately, while synchrotron radiation offers numerous benefits for studying electronic
structure and magnetic properties, data collection and analysis remain challenging. A great deal
of care must be taken when interpreting the synchrotron results. I believe that this thesis sheds
light on some of the challenges encountered during synchrotron experiments and offers

potential solutions for addressing them.
5.2 Perspectives

Although this study has focused on the well-known topological material Bi-Tes, much remains
to be done to fully understand interface formation and the resulting changes in the electronic

structure. Based on my experience during the experimental phase of this thesis, I have come to
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realize that proper theoretical calculations should be performed prior to experimental work.
Band structure calculations, through methods like DFT, are becoming increasingly accessible
even to experimentalists and are essential for band structure studies. This is particularly
important in synchrotron research, where high energy resolution spectra can be obtained,

enabling more detailed analysis.

One significant limitation of this thesis is the lack of diffraction data, such as LEED
measurements, taken before and after the deposition processes. LEED data could have greatly
enhanced our understanding of surface structure and morphology providing additional insights

into surface quality during interface formation.

Moreover, deposition parameters such as deposition rate, substrate temperature, and UHV
conditions during the process should be carefully optimized to ensure the highest possible
interface quality. Maintaining ultra-pure vacuum conditions during the preparation process and
ideal selection of the conditions for the formation of the interface could allow for a thicker
growth of the transition metal layer and the potential formation of a monolayer on the surface
of the topological insulator, which could ultimately exhibit magnetic properties. With the
optimization of heterostructure growth and further studies probing its electronic structure,
investigations into other properties of magnetic topological insulators using various

measurement techniques can subsequently be pursued.

Despite these considerations, Bi.Tes remains a promising material for future advanced
electronic, spintronic, and orbitronic applications due to position of the Dirac point near the

Fermi level, ease of surface preparation, and excellent thermoelectric properties.
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Appendix

—— Data 1_Bi5d_110
—— Fit_Bi5d_5/2 (+3)
—— Fit_Bi5d_3/2 (+3)
—— Fit_Bi5d_5/2 (0)
—— Fit_Bi5d_3/2 (0)
Background
—— Envelope

1
e

Intenisty [arb. unit]
1

30 29 28 27 26 25 24 23 22
Binding Energy [eV]

Appendix 1 XPS data collected for Bi,Te; capped with 1 A of Fe fitted with Gaussian-Lorentz
conjugation (+3) and Doniach — Sunjic (0). The position of the metallic component (0) for Bi5d 5/2 is
24.72 eV (Binding Energy).
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Appendix 2 ARPES data collected with 50 eV photons for Bi2Te3 capped with Co, a) pristine, b) 0.3 A
of Co and ¢) 0.6 A of Co.
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List of figures

Figure 1 The SOLARIS mug and the Krakow pretzel are topologically indistinguishable because they
share the same genus value of 1 (number of holes) and can be smoothly transformed into each
other. In contrast, the German pretzel has a genus value of 3, making it topologically distinct,
meaning that neither the mug nor the Krakow pretzel can be smoothly transformed into the German
pretzel in a toPOlOZICAL SENSE. ....c.veeiviiiiiiiiicii et 5

Figure 2 A simple illustrative presentation of the phenomena driving topological insulators and the
existence of surface states. In a trivial insulator, parabolic conduction and valence bands (p-type)
are distinguishable a), with the Fermi level located in the gap between these two bands. In materials
with a high atomic number Z, the bands near high-symmetry points, such as I, can cross (b) in the
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Figure 49 ARPES data collected for Bi>Tes capped with 0.8 A of Fe. The blue lines indicate the surface
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Figure 61 ARPES data were collected using a-e) 20 eV photons and f-j) 55 eV photons at 100 K to
observe the evolution of the electronic band structure upon the deposition of Co atoms on the
surface of BirTes. Picture a) and f) represent the spectra for the pristine material, serving as
references. Picture b) and g) show data after the deposition of 0.2 A of Co, ¢) and h) after 0.4 A of
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