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Abstract

The discovery of graphene and the possibility of the synthesis of high
quality samples has shifted the focus in the physics community from the
three-dimensional (3D) world to the new and remarkable properties of
two-dimensional (2D) materials. Shortly after the synthesis of graphene,
several other 2D materials with significantly different and fascinating
properties have been synthesized1–3. These properties, and the ability to
synthesize atomically thin layers of these materials, make them attractive
for a variety of applications including optoelectronic and spintronics4,5.
However, the synthesis of 2D materials is rather challenging, and the
quality and properties of the material does not solely depend on the
growth conditions, but also the substrate upon which the single layer
(SL) is synthesized6,7.

In this thesis the epitaxial growth of thin film iron chalcogenides
(IC), in particular FeSe on Bi2Se3 and FeTe on Bi2Te3 are presented,
and the synthesis of SL transition metal dichalcogenide (TMDC) V1+xS2

on Au(111) is demonstrated and studied. By means of angle-resolved
photoemission spectroscopy (ARPES), X-ray spectroscopy (XPS), X-ray
photoelectron diffraction (XPD), scanning tunneling microscopy (STM)
and low energy electron diffraction (LEED), the electronic and crystal
structure of these materials are characterized to provide complementary
data. The experimental results are compared with density-functional
theory calculations (DFT) and simulated XPD patterns.
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The structural and electronic properties indicate a synthesis of 3-
5 monolayers (MLs) FeSe on Bi2Se3 with the applied growth method.
Photoemission results point to the persistence of a heavily n-doped topo-
logical surface state of Bi2Se3 beneath the FeSe overlayer. Moreover, no
sign of a superconducting gap for any investigated thickness is found at
a temperature of 5K.

The photoemission spectra of cleaved bulk Fe1.08Te is used to disen-
tangle the photoemission data of FeTe thin films on Bi2Te3, which grow
in three domains, rotated by 0, 120◦, and 240◦ with respect to the high
symmetry direction of the substrate. Furthermore, the Fermi contour
of the FeTe thin films can be constructed by using the photoemission
results from bulk Fe1.08Te. By monitoring the development of the sub-
strate’s electronic structure upon covering the surface with FeTe, indica-
tions of charge transfer from the thin film to the substrate are found and
a well-defined strong electron doped topological surface state is observed.
Upon doping with alkali metals no significant change of the film’s elec-
tronic structure is observed. This behavior can be ascribed to the high
density of states of the thin film close to the Fermi level and is further
supported by ab-initio calculations.

The structural characterization of epitaxially grown SL V1+xS2 on
Au(111) reveals the existence of three distinct phases introduced simply
by annealing in ultra high vacuum (UHV). While the first two phases can
be identified as the octahedral (1T) configuration with slightly different
lattice constant, the third phase exhibits a structural morphology, which
is not in agreement with any V1+xS2 bulk compound we are aware of.
We attribute the phase transitions to S loss from the V1+xS2 single layer
during the annealing process. Furthermore, the electronic band structure
shows that all the phases are metallic.
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Resumé

Opdagelsen af graphen og mulighederne for at fremstille prøver af høj
kvalitet har medført et ændret fokus i fysikerkredse fra den tredimen-
sionelle (3D) verden til todimensionelle (2D) materialer med nye be-
mærkelsesværdige egenskaber. Efter fremstillingen af graphen blev demon-
streret er adskillige andre 2D materialer med anderledes og fascinerende
egenskaber blevet syntetiseret1–3. Disse egenskaber og muligheden for
at fremstille materialer med atomar tykkelse gør materialerne særde-
les attraktive for adskillige anvendelsesområder såsom optoelektronik og
spintronik4,5. Syntesen af 2D materialer er dog forholdsvis udfordrende.
Kvaliteten og egenskaberne af et given materiale afhænger ikke blot af
syntesebetingelserne men også af substratet for 2D materialet6,7.

I denne afhandling præsenteres epitaksial vækst af tynde film af jern-
chalcogenider såsom FeSe på Bi2Se3 og FeTe på Bi2Te3, og syntesen af
et enkelt lag af overgangsmetalchalcogeniden V1+xS2 på Au(111) demon-
streres og studeres. Den elektroniske og krystallinske struktur af disse
materialer karakteriseres med de komplementære teknikker vinkelopløst
fotoemissionsspektroskopi (ARPES), røntgenspektroskopi (XPS), rønt-
genfotoelektrondiffraktion (XPD), skannende tunnelmikroskopi (STM)
og lavenergi elektrondiffraktion (LEED). De eksperimentelle resultater
sammenlignes med beregninger indenfor tæthedsfunktionalteori (DFT)
og simulerede XPD mønstre.

De strukturelle og elektroniske egenskaber indikerer vækst af 3-5 mono-
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lag (MLs) af FeSe på Bi2Se3 med den anvendte syntesemetode. Resultater
fra fotoemission peger på en vedholdende kraftigt n-doteret topologisk
overfladetilstand i Bi2Se3 under FeSe laget. Der er ikke fundet tegn på et
superledende gab for nogle af de undersøgte tykkelser ved en temperature
på 5K.

Fotoemissionsspektre fra en kløvet bulk krystal af Fe1.08Te bruges til
at skelne fotoemissionsdata fra FeTe tyndfilm på Bi2Te3, som gror i tre
domæner roteret med vinkler på 0, 120◦ og 240◦ med hensyn til højsym-
metriske retninger i substratet. Det var også muligt at konstrurere Fer-
mikonturen af FeTe tyndfilm ved hjælp af fotoemissionsdata fra bulk
Fe1.08Te. Der blev fundet indikationer på ladningsoverførsel fra tyndfil-
men til substratet, og en veldefineret kraftigt elektrondoteret topologisk
overfladetilstand blev observeret ved at følge udviklingen af substratets
elektroniske struktur efter vækst af FeTe på overfladen. Der blev ikke
fundet nogen mærkbar ændring af filmens elektroniske struktur efter
dotering med alkalimetaller. Denne opførsel tilskrives tyndfilmens høje
tilstandstæthed tæt på Ferminiveauet, hvilket understøttes yderligere af
ab-initio beregninger.

Den strukturelle karakterisering af enkelte lag af V1+xS2, fremstil-
let ved hjælp af epitaksial vækst på Au(111), afslører tre distinkte faser
som frembringes ved simpel opvarmning under ultrahøj vakuum (UHV)
betingelser. De to første faser identificeres som den octahedrale (1T) kon-
figuration med en smule anderledes gitterkonstant. Den tredje fase ud-
viser en strukturel morfologi, der ikke stemmer overens med nogle V1+xS2

bulk komponenter, som vi kender til. Vi fortolker faseovergangene som
en udskillelse af S fra V1+xS2 monolaget under opvarmningsprocessen.
Den elektroniske struktur viser at alle faserne er metalliske.
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Chapter 1. Introduction

This chapter provides a general introduction into two-dimensional (2D) materials and
a brief outline about the chapters presented in this thesis.

1.1 Two-Dimensional Materials
2D materials are by definition substances which solely consist of a few layers of atoms.
Due to confinement in two-dimensions electrons can move freely along the plane of the
interface but, the motion is restricted in the third dimension. This simple example
already demonstrates that thinning down a macroscopic bulk crystal in one-dimension
may modify the electronic structure of the material and that dimensionality is in
general a defining parameter for a material’s properties. For decades, the existence
and stability of 2D materials were debated, and it was commonly assumed that 2D
crystalline materials might not be experimentally realized at finite temperature8.

However, the discovery of graphene, a single layer (SL) of graphite, showed that
the theoretical restriction solely apply to infinite crystals and that a rippled structure
could render 2D materials stable9,10. Surprisingly, graphene has a rather long history
and was first theoretical described in 194711. Around twenty years later graphene was
unintentionally observed by low energy electron diffraction (LEED) and Auger spec-
troscopy experiments on single crystals of platinum12,13 and nickel14 but disregarded
as unwanted contamination forming from carbon segregation from the bulk crystal
during annealing. The rise of 2D materials started in 2004 when Geim and Novoselov
intentionally isolated graphene by exfoliating graphite crystals with the scotch tape
method15. The enormous interest in graphene is based on its unique combination of
electronic and structural properties making graphene a flexible 2D conductor with
high mechanical strength and therefore a promising candidate for electronic applica-
tions16,17. Furthermore, graphene is the base for novel and interesting physics such as
quantum Hall effect18,19 and massless Dirac fermions20. The importance of graphene
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2 Chapter 1. Introduction

was underlined by the Nobel prize in physics for Geim and Novoselov in 201021.

In the light of this success, the ideas and methodology obtained from graphene
studies were extended to other layered materials consisting also of weakly van der
Waals bonded layers which can be exfoliated from the bulk crystal. Several materials
were successfully synthesized as 2D materials and showed electronic and structural
properties that are significantly different from their bulk parent compound, and pos-
sibly interesting for novel technologies. Transition metal dichalcogenides (TMDCs)
and iron chalcogenides (ICs) were among the first new materials to be isolated in the
2D limit. Both material systems exhibit intriguing novel properties beyond graphene
such as high temperature interfacial superconductivity, band gap opening and spin
orbit coupling effects and are therefore interesting candidates to study in more detail
the electronic properties of 2D confined electrons1–3,22,23.

In this thesis, epitaxial growth procedures are explored to synthesize high quality
2D materials in particular, for the thin film ICs FeSe on Bi2Se3 and FeTe on Bi2Te3

and as well for SL V1+xS2 on Au(111). The growth method and crystal structure
are studied by scanning tunneling microscopy (STM), low energy electron diffraction
(LEED), X-ray spectroscopy (XPS) and X-ray photoelectron diffraction (XPD). The
electronic structure of these systems is investigated with high-resolution, synchrotron-
based, angle-resolved photoemission spectroscopy (ARPES). A brief introduction to
the materials explored in this thesis will be provided at the beginning of the corre-
sponding chapters.

1.2 Thesis Outline

This thesis contains a variety of surface science methods and experiments to investi-
gate the crystalline and electronic structure of the 2D ICs FeSe and FeTe grown on
Bi2Se3 and Bi2Te3 (chapter 3), respectively, and the SL TMDC V1+xS2 on Au(111)
(chapter 4). In chapters 3 and 4, a separate introduction for the respective topics, as
well as a list of the collaborators on the project, are given before the results and the
discussion are presented. In the following an overview of the structure of this thesis
is outlined:

• Chapter 2 introduces the experimental techniques used in this thesis for the
electronic and structural characterization of the studied materials. The focus is
on ARPES and XPS and the underlying physics. Moreover, the experimental
setup for the ARPES measurement and the SGM3 beamline at ASTRID2 are
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discussed. Lastly, the structural characterization methods STM, LEED and
XPD are briefly described. Parts of this chapter might be similar to those
given in Ref.24. Therefore, sections of text bear close resemblance and the
figures might be identical to Ref.24.

• Chapter 3 presents methods for the synthesis of the thin film, FeSe on Bi2Se3

in section 3.2 and FeTe on Bi2Te3 in section 3.4. The morphology and the
electronic structure of the thin films is discussed and in the case of FeTe com-
pared with the results of the bulk parent compound from section 3.3. Section
3.2 is naturally inspired from the article [III] listed in the publications section
and Ref.24; section 3.3 and 3.4 present results from the article [II] listed in the
publications section. Therefore, sections of text bear close resemblance and
the figures might be identical to [II], [III] and Ref.24.

• Chapter 4 is devoted to SL V1+xS2 on Au(111) synthesized in three distinct
crystalline phases. The crystal structure and morphology are characterized
and a structural model is designed for each of the three phases. Further, the
electronic band structure results are compared with density-functional theory
calculations (DFT). Chapter 4 is naturally inspired by results from the article
[I] listed in the publications section. Therefore, sections of text bear close
resemblance and the figures might be identical to [I].

• Chapter 5 summarizes the results of this thesis and gives a brief outlook for
future and planned work on the presented material systems.





Chapter 2. Experimental

Techniques

The focus of this chapter is on the theoretical description and the experimental setup
of ARPES, which is the main experimental technique used throughout this thesis. The
underlying physical principles of the photoemission process are presented, followed by
a description of the experimental setup for ARPES at the Aarhus STorage RIng in
Denmark 2 (ASTRID2) lightsource. Lastly, a brief introduction to complementary
surface sensitive techniques such as XPS, STM, LEED, and XPD is presented.

2.1 Angle-Resolved Photoemission Spectroscopy

The underlying principle of ARPES is the photoelectric effect which was discovered by
Hertz25 and later explained by Einstein26. Here, monochromatic light with sufficient
energy is shone on the material of interest which leads to the photoemission of elec-
trons from occupied electronic states of the material. The key aspect of an ARPES
experiment is the possibility to access the electronic structure of the material by an-
alyzing the kinetic energy and the momentum of the photoemitted electron with an
electron analyzer. Besides measuring the electronic structure, ARPES can also be ex-
ploited to provide information about fundamental particle interactions such as strong
electron correlations or electron-phonon coupling. This section will discuss in detail
the underlying physical principles of ARPES, while the experimental description of
the ARPES setup is given in section 2.2.
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6 Chapter 2. Experimental Techniques

2.1.1 The Photoemission Process

In simple words photoemission is the process of emitting electrons from a material by
interaction with photons. An intuitive picture of the underlying processes is provided
by the phenomenological three-step model of photoemission27. In the first step, an
electron is excited from its initial state to a final state in the material by absorbing a
photon. The kinetic energy of the final state electron has to fulfill energy conservation
as shown in fig. 2.1(a) and is represented in the following equation:

Ekin = hν − Ebin − Φw, (2.1)

where hν is the energy of the absorbed photon, Ebin is the binding energy of the
electron in the initial state and Φw is the work function of sample. Photon energies
in the range of 0.1-2.0 keV are typically used to excite strongly bonded core level elec-
trons which would be observed in the energy spectrum as well defined non-dispersive
peaks. The binding energy position as well as the shape of the core level peak are el-
ement specific and even sensitive to small changes in the chemical environment. This
techniques is called XPS and can be used for chemical characterization of samples
or compounds. Lower photon energies (5-100 eV) are usually used to gain access to
the dispersing valance bands near the Fermi level which is exploited in ARPES mea-
surements. Note that according to equation 2.1, the photon energy has to be at least
greater than the work function Φw (usually 4-5.5 eV) to emit photoelectrons and to
measure ARPES spectra.

In the second step, the final state photoelectron migrates to the surface and is
scattered elastically and inelastically. The probability of scattering events is described
by the inelastic mean free path (IMFP) and follows a “universal curve”28. For ener-
gies used in ARPES experiments scattering events occur around every 5-7Å, making
ARPES a highly surface sensitive technique. It is worth noting that the IMFP ex-
hibits a global minimum at a kinetic energy of around 70 eV which enables one to
tune the sensitivity to measure either the bulk or surface properties in ARPES and
XPS measurements.

The third and final step is sketched in fig. 2.1(b). The final state electron is
transmitted into a free electron state in the vacuum by leaving the sample through
the surface. For simplicity reasons the potential change between surface and vacuum
is usually modeled as a step potential, neglecting the more complicated potential
environment at the surface-vacuum interface. For momentum resolved techniques
such as ARPES it is worth mentioning that the surface-vacuum interface breaks the
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Figure 2.1: (a) Energy scheme for the photoemission process. A photon with the
energy hν excites an electron (blue circle) in the solid. The detected ki-
netic energy Ekin of the photoelectron is a function of the energy of the
photon, the binding energy Ebin and the work function of the material
Φw. Figure (a) is inspired by Ref.27. (b) Schematic of the photoemis-
sion process explained by the three step model. From the valence band
an electron is excited by a direct optical transition. The lattice momen-
tum enables matching the initial wave function of the electron with a
free-electron final state in the vacuum. The potential step V describes
the surface-vacuum interface, which introduces a potential offset between
the vacuum and crystal. (c) Refraction process of the photoelectron at
the material-vacuum transition. The parallel component to the surface
k|| is conserved, the perpendicular component k⊥ is not conserved. (d)
Schematic of the ARPES measurement setup with a light beam shone on a
sample. The photoelectrons are emitted from the sample in an azimuthal
(ϑ) and polar (θ) angle and then focused by electrostatic lenses before
enter the entrance slit of the analyzer. The electrons are discriminated by
the electric field between the two hemispheres of the analyzer leading to
angle and energy resolution. A multichannel plate (MCP) works as am-
plifier of the photoelectrons’ signal and produces an image on a phosphor
screen. A CCD camera acquires finally the image produced on the screen.
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translational symmetry of the system which leads to a change in the component of
momentum perpendicular to the surface k⊥ whereas the parallel component k|| is con-
served as shown in fig. 2.1(c). Considering the negligible small photon momentum
compared to the electron momentum in ARPES the information about the valence
band dispersion can be obtained by measuring the distribution of emitted photoelec-
trons in terms of azimuthal (ϑ) and polar (θ) angle (fig. 2.1(d)) and the kinetic energy
of the photoelectron Ekin:

k|| = k||,i = k||,f =

√
2meEkin

~
sin(θ)(cos(ϑ)x̂ + sin(ϑ)ŷ), (2.2)

where me is the free electron mass. To first approximation, equation 2.1 and 2.2
can perform the transformation from angular to momentum space I(ϑ, θ,Ekin) →
I(k||,Ebin)), if k⊥ is neglected. Therefore, this method is convenient to measure the
dispersion in electronic band structure of 2D electrons in ICs or SL TMDCs29,30.

2.1.2 Spectral Function

The excitation of a photoelectron leads to the formation of a photohole that is left
behind and to a perturbation of the remaining system27. The light-matter interaction
is hereby described by a Hamiltonian Hint of the form:

Hint =
e

2mec
(A · p + p ·A), (2.3)

where p is the electronic momentum operator and A the electromagnetic vector po-
tential and c the speed of light in the vacuum. We assume that the electron is instantly
removed from the system and is not interacting with the remaining particles meaning
that the effective potential is not affected during the photoemission process. This so
called sudden approximation is in principle solely valid for high energy photons but
simplifies the problem here27. The photoelectron can therefore be regarded as a single
particle with an initial state Φk

i and a final state wave function Φk
f . The left behind

photohole is, however, described as a (N-1) particle term with an initial state ψN−1
i

and final ionized state m presented by ψN−1
m . And the total initial ψNi and final state

ψNf can be written as:

ψNi = AΦk
i ψ

N−1
i (2.4)

and:
ψNf = AΦk

fψ
N−1
m , (2.5)
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where A is an antisymmetry operator for the Pauli principle. The transition prob-
ability for an optical excitation between these states in an external electromagnetic
field can be determined by Fermi’s Golden rule and the Hamiltonian in equation 2.3:

Γi→f =
2π

~
| 〈ψNf | Hint | ψNi 〉 |2 δ(ENf − ENi − hν)

=
2π

~
|Mk

i,f |2| 〈ψN−1
m | ψN−1

i 〉 |2 δ(Ekin + EN−1
m − ENi − hν), (2.6)

where | 〈ψN−1
m | ψN−1

i 〉 |2 is the probability that the photohole is left excited in the
m state after the excitation, the initial and final energies of the N-particle system are
described by ENi =EN−1

i −Ek
bin and ENf =EN−1

m +Ekin, with Ek
bin the binding energy

with the momentum k and the kinetic energy Ekin of the photoelectron, lastly the
term Mk

i,f = 〈Φk
f | Hint | Φk

i 〉 is the single-particle matrix element. The integration
over all possible transitions from the initial to final states is proportional to the
observed photoemission intensity in ARPES and can be determined by considering
the Fermi-Dirac distribution fFD:

I(k, Ekin) ∝
∑
i,f

fFD(Ei)Γi→f = fFD(Ekin)
∑
i,f

|Mk
i,f |2 A(k, Ekin), (2.7)

with the photohole spectral function A:

A(k, Ekin) =
∑
m

| 〈ψN−1
m | ψN−1

i 〉 |2 δ(Ekin + EN−1
m − ENi − hν). (2.8)

Equation 2.7 shows that the intensity of the ARPES signal solely depends on the
spectral function A and the matrix element Mk

i,f . The matrix element describes the
light-matter interaction and depends on the polarization, the energy and the incident
angle of the incoming light and is therefore capable of modulating the intensity of the
ARPES spectra or even lead to full suppression of photoemission features29,31. The
spectral function in equation 2.8 can be rearranged to a more usable form by applying
the Green function formalism:

A(k, ω) =
π−1|

∑′′
(k, ω)|

(~ω − ε(k)−
∑′

(k, ω))2 +
∑′′

(k, ω)2
, (2.9)

where ~ω is the electron energy with respect to the Fermi level, ε(k) is the single-
particle dispersion,

∑′
(k, ω) and

∑′′
(k, ω) are the real and imaginary part of the
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electronic self-energy
∑

(k, ω), respectively. The real part of the self energy influ-
ences the band velocity and so the dispersion and curvature of the spectra. The
imaginary part describes the finite lifetime due to many body effects such as electron-
electron, electron-phonon and electron-impurity interactions. The many body effect
is inversely proportional to the spectral width meaning the broader the feature the
smaller the lifetime. Thus photoemission intensity provides not only information
about the band structure but also about quasiparticle interactions during the photoe-
mission process. Note that for constant-energy cuts, also called momentum distribu-
tion curves, through the spectral function posses a Lorentzian. For the simplest case a
linear energy dispersion ε(k) = v~k, equation 2.9 exhibits the Lorentzian maximum at
kpeak = 1

v~ (~ω−Σ′(ω)) and has a full width at half maximum of FWHM = 2 | Σ′′(ω)
v~ |.

2.1.3 X-ray Spectroscopy: Photoemission from Core

Levels

A further photoemission technique, besides ARPES, is XPS which is photoemission
from deeply bounded core level electrons in a photon energy range of 0.1 keV to
2.0 keV. The main difference between ARPES and XPS is the lack of momentum
dispersion of the locally bounded core level electrons. The binding energies of XPS
spectra is not only element specific but also holds important information about the
chemical and structural environment of the emitter atom of the photoelectron, as it
will be discussed more in detail in section 2.3.3. Furthermore, spin-orbit splitting
may also lead to a splitting of an element peak by a defined element and orbital
specific binding energy shift. Especially for complicated spectra one can utilize the
known energy of spin-orbit components in order to correctly assign the core level
peaks. A splitting, however, can also indicate a non-equivalent location of the atoms
in the crystal structure as seen for Au surface reconstructions32 or for charge density
waves (CDW)33. Another effect which can create additional peaks are the so called
shake-up and shake-off satellite peaks. Shake-up components are associated with
photoelectrons losing energy usually during the excitation of plasmons before leaving
the material and appear as an additional peak in the core level spectra at higher
binding energy34. In the case of shake-down satellites a localized initially unoccupied
valence state lowers in energy in the present of the core hole which leads to a transfer of
a valence electrons into the localized state. This filled state shields more effectively the
core hole which results in a higher kinetic energy of the photoelectrons and therefore
to a peak component at lower binding energy in the core level spectra34.
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In order to perform quantitative chemical and structural analysis with XPS the
photoemission spectrum has to be described with the correct theoretical model. In a
naïve picture, without any broadening effects, the photoemission of core level electrons
should yield a δ-function. However, this does not apply in reality and we have to
consider broadening effects as the core hole life-time and vibrational broadening. The
finite hole lifetime is connected with the natural linewidth which originates from the
photoemission process itself. The creation of the photohole leads to an excited state of
the atom from which it can decay non-radiatively (X-ray fluorescence) or radiatively
(Auger emission). In consideration of the Heisenberg Uncertainty Principle, ∆E0 ≥ ~

τ ,
which connects the energy of the core hole ∆E0 directly with core hole lifetime τ , one
can see that a smaller core lifetime (equal to higher decay probability of the excited
state) results in a broadening of energy width of the resulting core level peak. This
broadening effect can be described by the Lorentzian function:

IL(Ebin) =
I0
π

∆E0/2

(Ebin − E0
bin)2 + ∆E2

0/4
, (2.10)

where I0 is the maximum intensity for a peak at the binding energy E0
bin with a full

width half maximum (FWHM) of ∆E0.

In the case of metals the high density of states present near the Fermi level
enables electron-hole pair formation, resulting in partly a reduction of the kinetic
energy of the photoelectrons which leads to asymmetric line shapes shifted towards
higher binding energy in the core level spectra. To account for this phenomenon the
function proposed by Doniach-Šunjić35 can be used:

IDS(Ebin) = I0
ΓE(1− αDS)cos

[
1/2παDS + (1− αDS)arctan

(
2(Ebin−E0

bin)
∆E0

)]
[(Ebin − E0

bin)2 + (1/2∆E0)2]1/2(1−αDS)
,

(2.11)

where ΓE is the Euler’s Gamma function, αDS the asymmetry factor, E0
bin the binding

energy of the core level peak and ∆E0 the FWHM of the Lorentzian line as in equation
2.10. It is worth noting that for αDS = 0 the Doniach-Šunjić function transforms into
the Lorentzian line shape as seen in equation 2.10.

The linewidth of the core level spectra is further dependent on the lattice vibra-
tions, the instrumental resolution and disorder contributions. All these factors can
be taken into account by convolving equation 2.11 with a Gaussian.

A further necessary point for analyzing core level spectra is the appropriate choice
of the background. The most basic background choice is a linear or polynomial one
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and can be used for "standard backgrounds". However, for strong asymmetric back-
grounds the so called Shirley background function can compensate36. In this thesis,
all presented core level spectra are fit with a Doniach-Šunjić function convoluted with
a Gaussian and using and an appropriate background.

2.1.4 ARPES Spectra Acquisition and Analysis

To perform ARPES measurements several requirements for the measurement setup
and the sample have to be considered. The sample surface should have a low density of
step edges, a low defect density and free of adsorbates since all these factors can all lead
to additional scattering of the emitted photoelectrons. In the case of the synthesis
of high quality SL TMDCs on Au(111), contamination such as oxygen or carbon
might lead to defect formation and unwanted side products in the material, which
can harm the sample’s properties. This can be prevented by removing adsorbates
on the Au(111) surface before the growth by standard Ne+ sputtering/annealing and
monitoring of the ultra-high vacuum (UHV) pressure during the growth process. In
the case of layered bulk samples, removing the top surface with the scotch tape or top-
post cleaving method in UHV minimizes the contamination by adsorbates. It is also
worth noting that the presence of multiple rotational domains potentially complicates
the interpretation of the crystals electronic dispersion.

To access the full potential of ARPES a tunable, monochromatic and brilliant
light source is needed. Synchrotron radiation fulfills these requirements. To prevent
additional scattering of the photoelectron outside the sample, all ARPES measure-
ment are performed in UHV. Band mapping in ARPES requires accurate control of
the angle between analyzer and sample, which is demanding in UHV from a technical
point.

For simultaneous acquisition of the emission angle and the kinetic energy of the
emitted photoelectrons a hemispherical analyzer is used. The analyzer consists of
three main parts: the electronic lens system, a hemispherical capacitor and a 2D
detector as shown in fig. 2.2. In this thesis all ARPES measurements were performed
using a SPECS Phoibos 150 analyzer, which will be used as model system to describe
the working principle of ARPES in the following paragraphs.

Photoemitted electrons which enter the lens system are retarded to a chosen
energy called the pass energy Ep. The filtering according to the kinetic energy of
the electron is executed in the mirror plane, also called the dispersive plane, of the
analyzer, as seen in fig. 2.2(a): two negative applied electric fields in between the
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Figure 2.2: Schematic of the geometry of the ARPES experiment and the basic work-
ing principle of the hemispherical analyzer. (a) In the dispersive plane
the electric field in between the two hemispheres enables the energy dis-
crimination of low (blue) and high kinetic energy (red) photoelectrons.
(b) Schematic of the non-dispersive plane of the hemispherical analyzer.
The photoelectrons which are emitted within the lens mode acceptance
angle of Φ = −β (blue) and +β (green) are focused by the lenses and
its angular distribution is projected onto the detector and imaged with
the CCD camera. (c) Example of an acquired ARPES spectra with the
hemispherical detector. The shown spectra is discussed more in detail in
section 3.2. By adjusting the tilt angle α and the polar angle Θ one gains
access to the defined area of interest of the electronic structure of the
material system under investigation. Adapted and modified from Ref.37.
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two hemispheres deflect the trajectories of the incoming electrons depending on their
kinetic energy working as a bandpass filter with an energy window of Ep ± ∆E.
The measured energy window ∆E can be set by the retarding ratio parameter r =

Ekin/Ep, which enables the investigation of photoelectrons with a desired kinetic
energy. The pass energy Ep simultaneously directly influences the resolution of the
detector ∆EA according to:

∆EA =
Ep(S1 + S2)

4R
, (2.12)

where S1 and S2 are the widths of entrance and exit slits, and R is the mean radius
of the analyzer (R = 150mm for the SPECS Phoibos 150). As seen in equation 2.12
a small energy resolution is obtained with a low pass energy and thin slits which will
also narrow the energy range and lower the electron count rate on the detector.

In the non-dispersive plane the photoelectrons are discriminated according to the
emission angle Φ (fig. 2.2(b)). The lens system determines the acceptance angle ±β
of the photoelectrons and can be adjusted during the measurement to observe the
required angular range on the detector. The discrimination of the photoelectrons is
performed in the hemispherical analyzer as sketched in fig. 2.2(b) where at the end
of the analyzer the intensity of the incoming electrons is amplified by micro chan-
nels plates (MCP) before the photoemission spectra is projected onto a phosphorous
screen and imaged by a CCD camera. In this way, the hemispherical analyzer pro-
duces photoemission intensity profiles dependent on the kinetic energy Ekin versus
the acceptance angle Φ at a fixed tilt angle α and polar angle Θ and provides a cut
through the Brillouin zone (BZ) of the material’s electronic structure as shown in fig.
2.2(c). However, to access the information of the whole BZ, maps of several cuts have
to be stacked together by changing the polar angle Θ. For the transition from angular
space to momentum space the angles defined in fig. 2.2(b) have to be considered:

kx =

√
2meEkin

~2
[cosα sin Φ− sinα cos Θ cos Φ] (2.13)

ky =

√
2meEkin

~2
cos Φ sin Θ. (2.14)

To first order approximation, the angular resolution is translated into k-resolution
∆k‖ by:

∆k‖ =

√
2meEkin

~2
cos Φ∆Φ, (2.15)
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where ∆Φ describes the angular resolution1 that depends on the chosen lens mode.
Equation 2.15 shows that the k-resolution can be improved using smaller photon
energies or decreasing the emission angle i.e. measuring the dispersion near normal
emission.

Notably, the data acquisition in ARPES is accompanied by artifacts for the kinetic
energy and for the angular dimension. The former, i.e. the spherical aberration, is
due to the geometry of the hemispherical analyzer and describes that electrons with
the same kinetic energy appear at different kinetic energies on the on phosphorous
screen as a function of the emission angle. This can be compensated for the use of
curved entrance slits. For the latter photoelectrons emitted at the same angle but
different energy are detected at different emission angles. This so called chromatic
aberration can be corrected after data acquisition with the SPECS software.

To perform quantitative analysis of the ARPES spectra, several broadening ef-
fects such as the energy-resolution of the light source, finite energy and momentum
resolution have to be considered. Therefore, the intensity of the photoemission pro-
cess in equation 2.7 has to be convoluted with a Gaussian broadening G(∆ω,∆k‖) and
the background I0 has to be added to compensate for secondary electron emission:

I(ω,k‖) = [A(ω,k‖)M(ω,k‖)fFD(ω)]⊗G(∆ω,∆k‖) + I0(ω), (2.16)

where ∆ω is the combined energy resolution of the light source and the contribution
from the analyzer. Intensity profiles along the energy direction, i.e. energy distribu-
tion curve (EDC), or cuts along momentum direction, i.e. momentum distribution
curve (MDC), usually exhibit Lorentzian or Voigt shape profiles on top on a polyno-
mial background.

2.2 Experimental Setup
The ARPES results presented in this thesis were all acquired at the SGM3 endstation
at ASTRID2, which is shown in fig. 2.3. Several of the presented techniques were used
in collaboration with other institutes. The STM measurements for section 3.2 and
partly for chapter 4 were performed in collaboration with the group of Prof. Alexan-
der Khajetoorians (Radboud University) and for section 3.3 and 3.4 with the group
of Prof. Roland Wiesendanger (Universität Hamburg). Complementary STM mea-

1Values of typically 0.1◦ angular resolution can be reached.
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surements were performed in house with an Aarhus style STM38. The XPD data were
conducted at the SuperESCA beamline (Elettra Sincrotrone Trieste). The following
discussion is limited on the experimental setup at Aarhus University.

2.2.1 ASTRID2 and SGM3 Beamline

In 2014 ASTRID2, a small high brilliance synchrotron storage ring, was commissioned
at Aarhus University in Denmark39. The old synchrotron ASTRID was modified to a
booster ring for ASTRID2 (fig. 2.3(a) and (b)). With a diameter of 15m ASTRID2
can host electrons with an energy of 580MeV and an electron current up to 200mA.
The electrons are forced by magnetic fields to circulate in the storage ring and every
time the electron trajectory bends light is emitted. This principle is exploited for the
production of high monochromatic and polarized light in undulators where a series of
coupled magnets force the electron in a “zig-zag” trajectory producing polarized light.

a)

Side view ENS
HFM

VFM

EXS

PFM
sample

b)

ASTRID

ASTRID2

(a) (b)

(c) SGM2/
EMD

ASTRID

SX700

AMO

UV1

CD1

ASTRID2
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SGM2

(d)

sample

SGM

ASTRID2 ASTRID2
HFM VFM

SGM PFM

Top view

Figure 2.3: (a) Schematic image of ASTRID and ASTRID2. (b) The beamline and
endstation overview in the ISA facility. (c) Side- and (d) top views of the
SGM3 beamline optics, respectively. Adapted from Ref.40.

By changing the distance between the magnets the photon energy can be tuned
continuously over a wide range and allows for atomic and molecular physics, pho-
tobiology, UV spectroscopy or surface science studies. The photoemission data pre-
sented in this thesis were acquired at the Spherical Grating Monochromator 3 (SGM3)
beamline. The basic components of the SGM3 beamline are shown in fig. 2.3(c)
and (d). The light entering the beamline is first focused on the entrance slit (ENS)
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by the horizontal (HFM) and the vertical focusing mirror (VFM). The synchrotron
light (10 - 150 eV) is monochromated by the spherical grating monochromator (SGM),
transmitted through the exit slit (EXS), and then aligned by the post focusing mirror
(PFM) before reaching the sample. The spot size of the beam on the sample in the
endstation is around 200 µm× 50 µm.

2.2.2 SGM3 Endstation

The SGM3 endstation consists of four independent UHV chambers which are all
separated by valves as shown in fig. 2.4. The first chamber is the load-lock (LL),
where samples are introduced into the UHV system without exposing the subsequent
chambers to higher pressures. The LL (base pressure ≈ 7× 10−8 mbar) is connected
to the preparation chamber (PC) which contains a sputter gun and an annealing stage
for sample preparation, an Aarhus type STM for surface characterization, gas lines and
evaporators for surface modifications and a mass spectrometer. The molecular beam

Manipulator

Load-lock (LL)
STMMolecular beam epitaxy

chamber (MBE)

Transfer arm

6-axis
manipulator
Measurement
chamber (MC)

LEED

PFM

Sputter gun
Preparation chamber (PC)

Figure 2.4: Schematic of the endstation of the SGM3 beamline. The SGM3 endstation
consists of four separated chambers (LL, PC, MC and MBE chamber)
connected by valves. The samples are inserted into the UHV system via
the LL chamber. STM measurements and surface treatment are carried
out in the PC. In the MC the ARPES and LEED measurements are
performed on the 6-axis manipulator. The growth of the 2D materials
is done in the MBE chamber. The post focusing mirror chamber (PFM)
connects the SGM3 endstation with ASTRID2.
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epitaxy (MBE) chamber (base pressure ≈ 10−10 mbar) contains several metal electron
beam evaporators and filaments including iron (Fe) and Vanadium (V) for metal
deposition, a custom-built H2S doser and a heating stage and is therefore suitable for
the synthesis of thin film ICs and SL V1+xS2. The grown samples can be directly
measured in the main chamber (MC) by LEED or ARPES on a five axis manipulator.
With the closed-cycle He cryostat the sample stage reaches a temperature of around
90K. Recently, the MC manipulator was replaced with a 6-axis manipulator which
can obtain a temperature of 35K with a more powerful He cryostat2. In all chambers
the temperature of the sample during annealing or cooling is monitored by a K-type
thermocouple attached to the back of the sample.

In addition, a home build UHV suitcase can be attached to the MBE cham-
ber which enables the transfer of samples between separate UHV analytical systems
without breaking vacuum. The suitcase is further equipped with a battery powered
ion-pump and is compatible with both Aarhus style and Omicron style sample holders
which enables to ship samples to measurements setups in whole Europe.

2.2.3 STM-Chamber

A part of the author’s PhD was dedicated to the design and construction of a stand
alone STM chamber in collaboration with the post-doc Marco Bianchi. Fig. 2.5(a)
shows the independent chamber which is used for the synthesis of SL TMDCs on
different metal substrates (e.g. Au(111), Ag(111), Pt(111)) and characterizing the
grown samples with the STM to monitor and modify the growth procedures of the
SL TMDCs. The STM-chamber consists of two chambers separated by a valve. The
first chamber is the LL which allows to introduce samples into the UHV chamber
without breaking vacuum in the MC. The MC, which is shown in fig. 2.5(b), has a
base pressure of around 8× 10−10 mbar and is used for sample preparation, sample
growth and characterization. For preparation or cleaning purpose the sample can be
heated up to 800◦C using a hot filament and cooled down with liquid nitrogen in
the sample stage of the manipulator. The temperature is measured directly at the
back of the sample and at the manipulator with a K-type thermocouple. Cleaning
of the sample can be achieved by sputtering with Ne+ ions. Furthermore, the MC is
equipped with a double electron beam evaporator and a leak valve for backfilling the
MC with dimethyl disulfide (DMDS) (not visible in fig. 2.5(b)) which is a possible S

2Data presented in chapter 3 were acquired with the 5-axis manipulator and in
chapter 4 with the 6 axis manipulator.
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Figure 2.5: (a) Image of the STM-chamber. The red arrow marks the view port
through which the photo, shown in panel (b), was taken. (b) Image of
the MC with the manipulator, the manipulator socket with an Au(111)
crystal, Aarhus STM, electron beam evaporator and sputter gun. (c)
STM image of one of the first synthesized SL V1+xS2 on Au(111) in the
STM chamber. Tunneling parameters: Vs = 825mV, It = 0.3 nA.

source for growing high quality SL TMDCs41. The as-grown samples can be directly
characterized by the STM or if necessary caped with DMDS molecules and transfered
to the SGM3 endstation for further photoemission experiments. In order to reduce the
overall mechanical noise during STM measurements, the STM chamber is equipped
with pneumatic damping legs and can be solely pumped by an ion pump instead
of also being pumped by the turbomolecular pump which can induce noise of (in
this case) 1500Hz. Fig. 2.5(c) shows a STM image of one of the first synthesized
SL V1+xS2 on Au(111) samples in the STM-chamber which is discussed further in
chapter 4.

2.3 Techniques for Structural Analysis
Structural analysis techniques reveal directly information about the material’s crystal
structure and quality. For a complete understanding of the morphology of the material
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complementary techniques have to be exploited. In the following section STM, LEED
and XPD are introduced.

2.3.1 Scanning Tunneling Microscopy

The working principle of STM is the quantum mechanical tunneling of electrons be-
tween an atomically sharp tip and a conductive sample, which are few Ångström apart
(fig. 2.6(a))42. By applying a bias voltage Vs a distance depended tunnel current It
can be measured through the tip-sample potential gap:

It ∝ Vse

(
−
√

8meΦw
~

d

)
, (2.17)

where d is the sample-tip distance and Φw the average work function. The equation
above shows that the tunnel current changes by an order of magnitude if the sample-
distance varies around 1Å allowing one to monitor the surface structure with atomic
resolution. Imaging the surface with atomic resolution requires a very precise move-
ment of the tip by so called piezoelectric motors. To achieve a real space image of the
surface, the STM tip scans in two STM operating modes, constant height or constant
current mode. For constant current mode the whole surface is scanned line by line,
while the proportional-integral-derivative (PID) feedback loop adjusts the height of
the tip above the sample surface to maintain a constant tunnel current It, whereas
in constant height mode the tunnel current is adjusted to maintain a constant height
above the sample surface during the scan. In fact, STM is imaging the local den-
sity of states (LDOS) of the sample convoluted with the LDOS of the tip, however,
in some cases this can be interpreted as surface topography. Therefore, STM is an
excellent technique to investigate locally physical effects on the sample’s surface in
real space. An example of an atomically resolved image of highly ordered pyrolytic
graphite (HOPG) is shown in (fig. 2.6(b)).

An additional STM technique is the scanning tunneling spectroscopy (STS) which
provides local information about the density of states in the sample as a function of
the binding energy. Here, the STM tip is held at constant distance at a fixed position
over the sample and the applied bias voltage is swept through a specified range. By
measuring the tip-sample current as a function of the bias voltage, an I-V-curve is
obtained whose derivative is proportional to the LDOS. This technique requires an
extremely stable system during the measurement and a precise calibration of the
STM.

In parts of this work the Aarhus type STM was used for imaging the surface of
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Figure 2.6: (a) Basic setup of a STM. (b) Atomic resolution STM image of HOPG
acquired at room temperature with the Aarhus type STM. Tunneling
parameters: Vs = 0.98 nA, It = 76mV. (c) The schematic design of the
Aarhus STM. Inspired by Ref.43.

the sample. The compact design of the so called “thimble-size” STM enables it to
be directly attached to a chamber by a flange (fig. 2.6(c))38. The approach of the
tip is realized by an inchworm motor which consists of two clamping piezos placed
at the upper and lower limit and one expanding piezo in the center moving along
a quartz tube. By applying the right sequence of voltages on the three piezos the
tip will move in an inchworm-like manner towards the sample. Precise movement
during scanning is ensured by the scanner tube. The sample holder is thermally and
electrically insulated by three quartz spheres reducing electrical noise and thermal
drift during STM measurements. To reduce mechanical noise the sample is fixed
in the sample holder by two tight Cu springs and the whole STM is suspended by
springs. It is worth noting that the STM used in this thesis, was situated near (and
at) ASTRID2 where electrical and mechanical noise were expected. Surprisingly, the
electrical isolation and mechanical damping implemented in the existing Aarhus style
STM proved to be sufficient, and atomically resolved images of the sample surface
could be achieved.

2.3.2 Low Energy Electron Diffraction

With LEED the global structural properties of a sample can be investigated which
makes it ideal as a complementary technique to STM. The principle of LEED is
based on the electron diffraction phenomenon, where a collimated electron beam
is elastically scattered on the surface and the resulting diffraction pattern can be
observed on a fluorescent screen37. The IMFP for low energy electrons (10-300 eV)
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used in LEED is rather short and therefore the electrons probe effectively only the
surface of the material. Therefore, LEED patterns are an efficient option to extract
global information about the surface structure, the quality and the composition of a
material.

The basic setup of a typical LEED apparatus is shown in fig. 2.7(a) consisting
of an electron gun producing low-energy monochromatic electrons, several retarding
grids used for focusing the elastic scattered electrons and filtering the inelastically
scattered electrons, and lastly a fluorescent screen. For electrons hitting the sample
surface at normal incidence, the Laue condition is as following:

∆k‖ = k‖,f − k‖,i = k‖,f = hb1 + kb2, (2.18)

where k||,i (k||,f ) is the momentum parallel to the sample surfaces of the incoming
(scattered) electrons, h and k are integers and bi (where i=1 and 2) are the reciprocal
lattice vectors of the material. With equation 2.18 and taking the geometry of the
LEED setup into account as seen in fig. 2.7(a) the distance dhk from the center of
the fluorescence screen to a diffraction spot can be determined:

dhk = Rsin(Θhk) = R
|∆k|||
|kf |

= R

√
~2

2meEkin
|hb1 + kb2|, (2.19)

where R is the radius of the screen, Ekin is the kinetic energy of the scattered electrons
and kf the momentum of the scattered electrons. The diffraction points can be
observed directly by eye or camera on the fluorescent screen and assigned to the
reciprocal lattice vectors bi with equation 2.19, as seen in fig. 2.7(b) for the example
of Au(111). Defects and/or disordered adsorbates increase diffuse electron scattering
and lead to broadening of the diffraction points thereby indicating the cleanliness and
quality of the sample. In the case of bare Au(111) the surface purity can be judged
by the formation of the so called herringbone reconstruction which leads to additional
satellite spots in LEED as seen in fig. 2.7(b), contamination on the surface can lift
the reconstruction and cause the satellite spots in the LEED pattern to disappear44.

Furthermore, the orientation of the adlayer with respect to the substrate can
rather easily be determined by LEED as the corresponding diffraction pattern holds
information about the substrate crystal lattice and the adlayer. Information about
the thin film adlayer on a substrate can be obtained by considering the observed moiré
pattern. Note that the existence of multiple rotational domains on the surface lead
to the formation of corresponding rotated reciprocal lattice vectors in the diffraction
pattern and the interpretation of the LEED image may be rather difficult.
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Figure 2.7: (a) Schematic of the LEED experiment and its working principle. The
dashed black lines represent the retarding grids, the green line the flu-
orescent screen and the blue dots the diffraction spots. (b) Example of
a LEED pattern of a clean Au(111) surface. The hexagonal reciprocal
lattice vectors b1Au and b2Au are indicated with black arrows. Moiré
satellites are visible around each Au(111) diffraction spot and indicated
for one Au(111) main spot with yellow arrows.

The fast excess to the surface crystal structure of a material makes LEED a
precious starting point for understanding the crystal morphology of a sample.

2.3.3 X-Ray Photoelectron Diffraction

A technique which is particularly suitable for the structural analysis of 2D systems is
XPD. This technique is based on the photoelectric effect but instead of imaging the
electronic structure, as in ARPES, one obtains structural information about the ma-
terial system45. XPD exploits the fact that the core level photoelectrons are scattered
elastically and inelastically during the transport from the emitters (emit the photo-
electrons) to the vacuum. Fig. 2.8 shows schematically the photoelectron diffraction
process: in photoelectron diffraction experiments the emitter atom (grey ball) emits
a core level photoelectron excited by monochromatic X-rays. The generated primary
electron wave Φ0 can be directly detected or inelastic scattering events can occur
with the surrounding environment (blue and green balls) which generate the electron
waves Φj , Φk and Φf , Φf,g. The interference of the primary electron wave Φ0 and
the scattered electron waves creates an unique diffraction pattern, i.e. XPD pattern,
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Figure 2.8: Schematic of the processes involved in the photoelectron diffraction pro-
cess. The emitter (grey ball) generates the primary electron wave Φ0 by
photoemission. The scattering of the primary wave on the atoms j,k and f
(green and blue balls) produce the secondary waves Φj , Φk and Φf . Φf,g
is a double scattered wave on the scatterers f and g.

for emitters in the same chemical environment. The elastic scattering leads solely to
an overall decrease in the intensity of the core levels and its contribution to struc-
tural information is merely marginal. In contrast the inelastic scattering processes
can enhance or reduce the core level intensity depending on the geometry around the
emitter, the detection angle and the kinetic energy of the photoelectron.

One can distinguish in XPD between two scattering events: forwards and back-
wards. In the case of forward scattering events the scatterer is placed in between
the emitter and the detector and the resulting diffraction pattern holds information
about the emitter position and the location of the atoms in front of the emitter. For-
ward scattering is dominated by electrons with a kinetic energy greater than 150 eV.
On the contrary, structural information under the emitter are received by backscat-
tering events. Here, the scatterer is placed behind the emitter and it is prevalent
for photoelectrons with a kinetic energy less than 150 eV. In order to obtain detailed
quantitative information about the crystal structure, core level spectra as a function
of polar (Θ) and azimuthal (ϑ) angles have to be acquired and compared with mul-
tiple scattering calculations. The intensity modulation in the XPD pattern provides
important structural information about the local geometry around the emitter atoms.
The modulation function of the diffraction pattern is defined as:

χ =
I − I0
I0

, (2.20)
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where I is the measured intensity of the core level and I0 is a smooth spline fit-
ted to the intensity distributions along the azimuthal angle45. This method filters
out the photoelectron modulations from smooth variations in intensity due to e.g.
experimental artifacts.

In this thesis, the XPD simulations are performed by the Electron Diffraction in
Atomic Cluster (EDAC) package46. In order to simulate the diffraction pattern with
the EDAC package an atom cluster has to be designed on which multiple scattering
theory is performed to model the XPD pattern. The simulated XPD pattern for two
allotropes of VS2, 1H and 1T (described in detail in chapter 4), for the bottom S 2p3/2

core level and the corresponding designed crystal lattice models for the simulation
are shown in fig. 2.9. The difference in the simulated stereographic projection in
fig. 2.9(a) and (b) shows that it is possible to distinguish instantly between the 1H
and 1T configuration of VS2, which is rather difficult with STM or LEED. Therefore,
XPD is an excellent tool to receive information of the position of ordered adsorbates
on a material or access the atomic lattice of layered structures as TMDCs.
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Chapter 3. Iron Chalcogenides

This chapter focuses on the methods employed for the synthesis and characterization
of FeSe and FeTe thin films on the topological insulators Bi2Se3 and Bi2Te3, respec-
tively. The crystal structure and morphology of the thin films is discussed based on
STM and LEED measurements. The electronic structure of the thin films and the
underlying substrate is investigated. In the following the historical background on
the research field of superconductivity is presented before the crystal and predicted
electronic structure of the substrate and the adlayer is discussed.

3.1 Introduction

3.1.1 2D Iron Chalcogenides

Over a century ago superconductivity on pure mercury (Hg) was discovered by Kamer-
lingh Onnes and was later theoretical explained by Bardeen, Cooper and Schrieffer
(BCS) in 195747,48. In the BCS theory the resistance-free flow of electrical charges is
described by the formation of electron pairs, so called Cooper pairs, through an at-
tractive interaction that is mediated by phonons. The BCS theory predicts an upper
limit of the critical temperature (TC) of 30K for electron pairing caused by lattice vi-
brations. In 1986, however, a TC of 35K was realized in a barium-lanthan-cuprate by
Bednorz and Müller and led to a new class of superconductors, the unconventional su-
perconductors49. Underlining the importance of this work, the Noble prize in physics
was awarded to Bednorz and Müller in 1987. In these materials pairing does not solely
occur from the conventional electron-phonon coupling, instead it is a consequence of
an unconventional pairing mechanism. The key ingredients for high temperature su-
perconductivity, however, are not clearly identified yet and it is rather an unsettled
question if phonons50, magnetic fluctuations51, two-dimensional effects52,53 or charge
doping54,55 are responsible for the unconventional behavior. Among the discovered

27



28 Chapter 3. Iron Chalcogenides

unconventional superconductors in recent years, SL FeSe grown on SrTiO3, a system
which is also superconducting in the bulk56,57, has attracted considerable attention
due to a TC well above the BCS limit combined with a simple crystal structure.
Therefore, FeSe is used as a model system to understand the underlying processes
in high-temperature interfacial superconductivity22,23,58,59. While several studies re-
veal that the superconductivity properties in this system can be modified by tailoring
the film thickness, the doping or the substrate of the FeSe thin film, little work has
been performed on FeTe thin films, a cousin compound of FeSe. As these ICs share a
similar lattice structure and consist of a related atomic composition similar electrical
properties might be expected in a naïve picture. However, FeTe thin films grown on
the topological insulator Bi2Te3

60 exhibits superconductivity solely below 6K61, in
contrast to the non-superconducting bulk phase.

The crystal and electronic structure of FeSe thin films and FeTe thin films syn-
thesized on the related topological insulators Bi2Se3 and Bi2Te3, respectively, are
investigated in this work, in order to understand better the source of the different
electronic properties.

3.1.2 Crystal and Electronic Structure of Bi2Se3 and

Bi2Te3

Bi2Se3 and Bi2Te3 exhibit the same structure: a rombohedral lattice with the space
group R3̄m (fig. 3.1(a))62. Out of simplicity the nomenclature is therefore generalized
to Bi2X3. Bi2X3 consists of stacked quintuple layers ordered in a [X-Bi-X-Bi-X]
sequence along the [111] direction and separated by a van der Waals gap. The weak
van der Waals bonding enables the exposure of a clean (111) surface simply by cleaving
with the scotch tape method, exposing only the chalcogenides X on the top. The
simple and fast access to a clean surface and the tendency of Bi2X3 to release X upon
annealing (necessary for the formation of the FeX thin films), has qualified Bi2X3 as
substrate of choice for the synthesis of FeSe and FeTe thin films.

It is worth mentioning that Bi2Se3 and Bi2Te3 belong in the class of topological
insulators which attracted considerable attention in the physics community due to
the unusual electronic properties: the bulk is isolating while the surface exhibits
localized two-dimensional conducting channels, which hold intriguing properties such
as characteristic spin texture65. It is important to point out that the formation of
these two-dimensional states is not a consequence of the details of the surface, i.e. the
general structure or reconstruction effects, but instead given by the topology of the
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Figure 3.1: (a) Crystal structure of the quintuple layered stacked Bi2X3. The vectors
a1, a2, a3 indicate the lattice vectors of the primitive cell. (b) Bulk (black)
and projected SBZ (red) of Bi2X3 labeled with high symmetry points.
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Bi2Se3 and (e) Bi2Te3 acquired with ARPES (adapted from Ref.64). The
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band structures.
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bulk band structure. Therefore, it is interesting to inspect the characteristic electronic
features of the topological insulators Bi2Se3 and Bi2Te3 more in detail.

The bulk BZ and projected surface Brillouin zone (SBZ) of Bi2X3 are shown in
fig. 3.1(b). In the hexagonally shaped SBZ the high symmetry points are marked
with M̄ (SBZ edges), K̄ (SBZ corners) and around the SBZ center at Γ̄ the character-
istic hexagonal warped topological surface state is visible (inset: blue hexagon)66,67.
Fig. 3.1(c) shows the schematic band structure dispersion through Γ̄ with the valance
band (VB), the conduction band (CB) and the characteristic topological surface state
(orange lines) with the spin-split bands crossing the energy gap. Low energy photoe-
mission spectra along Γ̄-M̄ direction for Bi2Se3 and Bi2Te3 are shown in fig. 3.1(d)
and (e), respectively. For Bi2Se3 the conduction band minimum (CBM) is located
at Γ̄, creating a direct gap with the Dirac point positioned right above the valence
band maximum (VBM)68. In the case of Bi2Te3 the VB exhibits a M-like shape and
the topological surface state partly falls in the VB. For both Bi2Se3 and Bi2Te3 an
intrinsic n-doping is observed that is usually caused by chalcogenide vacancies giving
access to CB of the materials1.

3.1.3 Crystal and Electronic Structure of FeSe and

FeTe
Bulk FeSe and FeTe crystallize in a layered PbO-crystal structure with the space group
P4/nmm of which two stacked layers are shown in (fig. 3.2(a)). Each layer consists
of a [X-Fe-X] sequence which are bonded by weak van der Waals forces suggesting
a minor dispersion perpendicular to the surface plane. These kinds of materials are
commonly referred as quasi two-dimensional materials. Note that for the 2D-case,
two different definitions for the unit cell are established in the case of FeX as seen in
fig. 3.2(b): The crystallographically correct unit cell (purple dashed lines) consists of
two Fe and two Te atoms, one above and one below the Fe plane and is used generally
for ARPES and STM measurements. The corresponding BZ is usually called “folded”
or “2-Fe” BZ. The smaller unit cell (green dashed lines) is utilized for experiments
sensitive to the Fe positions, such as neutron scattering, and contains only one Fe
atom and is the same unit cell that would be obtained by ignoring the X atoms
altogether. This BZ is mainly refereed as “unfolded” or “1-Fe” BZ. The corresponding
BZ for bulk FeX and both 2D BZs are shown in fig. 3.2(c) and (d), respectively.

Note that is rather challenging to obtain stoichiometric FeX and usually excess Fe

1For undoped Bi2X3 the Dirac point is located near the Fermi level.
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Figure 3.2: (a) Side view of two stacks of the PbO-crystal structure of FeX. (b) Top
view of a SL of FeX, indicating X below and above the Fe plane. Dashed
purple and dashed green lines represent the folded (2-Fe) and unfolded
(1-Fe) unit cells, respectively. (c) Bulk BZ of FeX labeled with the high
symmetry points. (d) Folded (dashed purple) and unfolded (dashed green)
BZ for a SL of FeX.

forms in between the van der Waals gaps which alters the properties of the material.
In the case of bulk Fe1+ySe a small quantity of around y = 0.03 excess Fe results
already in a suppression of superconductivity69–71 and for bulk Fe1+yTe excess Fe
influences the magnetic order in the system72–74. However, even if the basic structure
of FeSe and FeTe are very similar, in terms of electronic properties and correlated
electronic character essential differences are observed in these materials.

In contrast to FeSe, FeTe performs a magneto-structural phase transition at a Néel
temperature of TN =60-70K2, separating the paramagnetic tetragonal (>TN ) and
the antiferromagnetic monoclinic (<TN ) phase72–74. Due to similar lattice constants
of the two phases, however, no difference on a local scale can be observed in terms of
purely structural atomic resolution STM images acquired with a non-magnetic tip.

A closer look at the predicted FeTe and FeSe bulk Fermi surface in fig. 3.3(a) and
(d), respectively, reveals that a non-negligible dispersion in the crystal momentum
perpendicular to the surface (k⊥) is observable. Thus the view as a quasi 2D system
is not valid in terms of the electronic properties and the fully 3D band structure is
taken into account. Therefore, instead of labelling center, edge and corner with high
symmetry points Γ, X and M , these points are marked according to the projected
SBZ Γ̄, X̄ and M̄ corresponding to the bulk Γ-Z, X-R and M -A directions (fig.
3.2(c)).

While the comparison of fig. 3.3(a)-(b) and (d)-(e) reveals that the hexagonal
warped Fermi contours at the corners of the BZ consist of electron pockets, the large
quasi 2D tubes around Γ̄ originate from hole pockets. In the case of FeTe the non-

2Depends on the amount of excess Fe in bulk Fe1+yTe.
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Figure 3.3: Overview of the predicted electronic structures of bulk and monolayer
FeTe and FeSe. (a) Predicted Fermi surface of bulk FeTe and (b) cor-
responding band structure along high symmetry directions. The light
blue line indicates the Fermi level obtained by DFT-calculations. (c) Pre-
dicted band structure of ML FeTe. The dashed black line indicates the
Fermi level obtained by DFT-calculations. FeTe DFT-calculations per-
formed by the group of Prof. Tim Wehling. (d) Predicted Fermi surface
of bulk FeSe and (e) corresponding band structure along high symmetry
directions. The light blue line indicates the Fermi level obtained by DFT-
calculations. Adapted from Ref.75 and modified. (f) Predicted band
structure of ML FeSe. The dashed black line indicates the Fermi level
obtained by DFT-calculations. Adapted from Ref.76 and modified.

negligible k⊥ dispersion is most clearly observable for the innermost hole pocket, while
for FeSe the lack of the small hole pocket at Γ̄ suggests a smaller interlayer coupling
compared to FeTe.

For the monolayer (ML) case in FeTe shown in fig. 3.3(c), the clearest change
in the electronic structure is the suppression of the innermost hole pockets, expected
from the dxz/dyz orbital character of this band77. This characteristic feature for the
bulk parent compound might be suitable to provide important information about the
dimensionality of the synthesized FeTe thin films in ARPES experiments. In the case
of freestanding ML FeSe (fig. 3.3(f)), however, no major changes between the bulk
and SL in the electronic structure along the high symmetry direction are observable.
Note that it was previously experimentally observed by Ref.23 that the Fermi surface
contour of superconducting ML FeSe changes from a large electron pocket centered
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at M̄ to two small electron pockets located next to M̄ and a hole pockets at Γ̄ for the
non-superconductive multi-film3 phase.

It is worth mentioning that DFT cannot account for the influence of strong elec-
tronic correlated effects on the band structure calculations78,79. One consequence is
the so called renormalization factor which allows, in the case of ICs, to compress the
calculated band structure in binding energy in order to achieve a better agreement
with the experimental photoemission data. Moreover, the predicted band structure
and Fermi surface features of FeTe and FeSe is rather strongly dependent on the lat-
tice parameters of FeTe and FeSe75,80–82. Therefore, in this work, the DFT-predicted
band structures are used as qualitative support for the experimental photoemission
data.

3Multi-film means more than one SL of FeSe.
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3.2 FeSe Thin Films on Bi2Se3
This section is dedicated to the epitaxial growth of FeSe thin films on Bi2Se3 and the
characterization of the thin films. Firstly, the growth mechanism is briefly outlined.
The crystal structure and morphology of FeSe thin films are characterized with STM
and LEED and further investigated for superconductivity with STS. The STM data
presented in the following chapter were acquired by the group of Prof. Alexander
Khajetoorians (Radboud University). Finally, the electronic structure of FeSe thin
films on Bi2Se3 is discussed.

3.2.1 Growth of FeSe Thin Films on Bi2Se3

The basic growth procedure for obtaining FeSe thin films on Bi2Se3 was adapted
from Ref.83. High quality Bi2Se3 crystals, which were synthesized as described in
Ref.84,85, were pre-cleaved several times in air until a smooth surface was obtained.
In addition, the crystal was cleaved by the scotch tape method in vacuo to expose a
clean and adsorbate free surface. Subsequently, the cleaved sample was transfered in
situ to check the quality of the sample’s surface with LEED, STM and ARPES. On
clean high quality Bi2Se3 a distinct hexagonal crystal lattice in STM (fig. 3.5(a)), a
hexagonal diffraction pattern in LEED (fig. 3.5(c)) and in ARPES the characteristic
Dirac cone of the topological surface state (fig. 3.1(d)) are observable. In the next
step, the Bi2Se3 sample was transfered in situ into a dedicated growth chamber for
the synthesis of FeSe thin films. Firstly, iron was deposited on the Bi2Se3 surface for
two minutes with an electron beam evaporator at room temperature. During the iron
deposition the chamber pressure was kept at approx. 1.5× 10−9 mbar. Se segregates
to the surface during annealing of the sample to 570K for 45 minutes, and reacts
with the deposited Fe, forming the FeSe overlayer83. To prevent contamination of the
sample the chamber pressure was kept below 2.0× 10−8 mbar during the annealing
process.

3.2.2 Structural Analysis of FeSe Thin Films on Bi2Se3

A typical topographic image of the as grown sample exhibits coexisting phases of the
Bi2Se3 substrate and the FeSe thin films as shown in fig. 3.4(a). The signature of
the thin film is the striped moiré which originates from the lattice mismatch between
the hexagonal Bi2Se3 surface unit cell and the square FeSe surface unit cell. The lin-
ear moiré structure exhibits a periodicity of 6.7(0.7) nm and exhibits three rotational
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Figure 3.4: (a) Topographic STM image of FeSe thin films on Bi2Se3 with a coverage
of around 65%. Tunneling parameters: Vs = 500mV, It = 50pA. The
moiré superstructure and the dislocation network are clearly observable.
The white line represents the direction of apparent height profile shown in
(c). STM data measured with an Omicron LT-STM at 5K. (b) Schematic
ball model of the moiré superstructure. Bi2Se3 hexagonal surface lattice
(green balls) and FeSe square lattice (purple balls) form the observed
moiré superstructure in rotations of 0, 120◦ and 240◦ with respect to each
other. (c) Measured apparent height profile (green line) extracted from
STM data and superimposed with a layer model (red square Bi2Se3, black
square FeSe).

domains rotated by 0, 120◦ and 240◦. The experimentally observed moiré pattern
can be modeled by a simple ball model superimposing the FeSe square surface lat-
tice (purple balls) on the hexagonal substrate surface lattice (green balls) as shown
fig. 3.4(b). The theoretical moiré pattern exhibits a periodicity of 6.39 nm and the
three rotational moiré pattern are obtained by rotating the sub-lattices to 0, 120◦

and 240◦ with respect to each other. The Bi2Se3 areas are characterized by quasi-
hexagonal regions (diameter 20-40 nm) separated by darker regions indicating a lower
apparent height. Similar structures were already observed on the same system83 and
further in a study of binary alloys originating from a buried dislocation network86.
The formation of the quasi-hexagonal region is associated with the penetration of a
dislocation network into the Bi2Se3, caused by the segregation of S during the FeSe
layer formations.

The apparent height profile in fig. 3.4(c) reveals that the terrace height differ-
ence between two FeSe layers is 0.57(0.02) nm, comparable to the bulk FeSe value of
0.5518 nm56,87 and in very good agreement with previously studies of FeSe thin films
on Bi2Se3 with an apparent height of 0.573 nm83. There is an additional, smaller
observed height difference between two FeSe islands: it is around 0.3 nm and does not
vary significantly with the applied bias voltage. The apparent height profile, inter-
preted in terms of the depicted layer model, reveals that the FeSe layers are mainly
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embedded in the Bi2Se3 surface; and furthermore that the formation of at least double
or triple layer FeSe is indicated rather than ML FeSe. Even though the exact number
of FeSe layers cannot be determined by STM, taking the well observable moiré struc-
ture in the topographic image into account the assumption that the adlayers consist
of no more than 3-5 MLs is further supported.

Atomic resolution STM measurements are performed on the thinnest FeSe thick-
nesses, which are identified as such by their having the greatest intensity variations
in the moiré pattern. Note that this layer thickness is also the predominant thickness
observed on the samples. The atomically resolved STM images in fig. 3.5(a) and (b)
show the hexagonal surface unit cell of Bi2Se3 before the growth, with a lattice con-
stant of 0.418(0.006) nm, and the square unit cell of the FeSe adlayer, with a lattice
constant of 0.38(0.01) nm. The intensity modulation in fig. 3.5(b) is assigned to the
moiré superstructure, which is even better visible in the atomically resolved image.
Furthermore, the FeSe thin film exhibits two types of defects, A and B. Type A de-
fects show two enhanced brighter spots on neighboring atom sites and are ascribed to
a Se atom on or close to an Fe vacancy88 or an Fe site53,89,90. The signature of type
B defects are a darker suppression at an atomic site at the top of the thin film and
its origin is unknown.

The structural characterization is complemented with LEED measurements of the
pristine Bi2Se3 and the FeSe thin films on Bi2Se3, as seen in fig. 3.5(c) and (d). The
bare Bi2Se3 surface exhibits the characteristic hexagonal reciprocal lattice in LEED;
for the FeSe adlayer a square diffraction pattern for each of the three rotational
domains is observable (indicated by brown, yellow and orange arrows), accompanied
with dotted streaks-like satellite spots at each of the primary spots. The satellites
are caused by the 1D-moiré structure. The lattice constants and moiré periodicity
determined by LEED are 0.38(0.01) nm and 6.3(0.2) nm, respectively, and agree well
with the STM values.
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Figure 3.5: Top: atomically resolved STM images at 5K of (a) clean Bi2Se3 before
the growth and (b) FeSe thin films on Bi2Se3. The defects A and B are
marked (more information in the text). Middle: LEED images for a ki-
netic energy of 50.2 eV at 90K for (c) clean Bi2Se3 before the growth
and (d) FeSe thin films on Bi2Se3. The LEED pattern of FeSe thin films
on Bi2Se3 consists of a superposition of three square reciprocal unit cells
corresponding to the FeSe domains rotated by 120◦ (marked with brown,
orange and yellow colored arrows) and the hexagonal surface lattice of
Bi2Se3 (red hexagons). The dotted streaks at main diffraction spots of
FeSe are attributed to the linear moiré superstructure. Bottom: (e) large
range STS spectra taken on FeSe thin films (blue, shifted for better visi-
bility) and the Bi2Se3 (red). A peak at −225meV for FeSe thin films is
visible. Tunneling parameters: blue: Vs = 1V, It = 500pA, Vmod = 4mV;
red: Vs = 250mV, It = 500pA, Vmod = 0.5mV. (f) A characteristic high-
resolution STS spectrum near the Fermi energy acquired on the thinnest
FeSe thickness. No superconducting gap is observable. Tunneling param-
eters: Vs = 50mV, It = 500pA , Vmod = 0.5mV.
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3.2.3 Electronic Structure of FeSe Thin Films on Bi2Se3

ARPES is a spatially averaging techniques that probes simultaneously, in the case
of FeSe on Bi2Se3, the bare substrate and the adlayer, including multiple domains
within the beam spot (200 µm× 50 µm). Therefore, photoemission spectra contain a
superposition of all these signals. Selected photon energies are chosen to exploit the
photon energy dependent matrix elements and enhance special features of the band
structure of the adlayer and the substrate.

The photoemission intensity along the high symmetry directions Γ̄-M̄Bi2Se3 and
Γ̄-K̄Bi2Se3

4 are shown in fig. 3.6(a) and (b), respectively. Two separated Dirac cones
with different amounts of doping are clearly observable. Comparing the photoemission
spectra with the bare Bi2Se3 spectra shown in fig. 3.1(d) and Ref.91 suggests that the
less n-doped Dirac cone originates from pristine Bi2Se3 while the more n-doped state
is a stable topological surface state buried beneath the FeSe adlayer. The rigid shift
of the substrate’s electronic structure suggests indirectly an accompanying p-doping
of the FeSe adlayer. In consideration of the short IMFP of the excited photoelec-
trons, the observation of the interlayer topological surface state further supports the
interpretation that there are only a few layers of FeSe layers grown on Bi2Se3.

Furthermore, a broad and non-dispersing photoemission feature is observable at a
binding energy of around 0.2 eV in fig. 3.6(a) and (b) (marked with blue arrow). The
same state is also observable at photon energy of 26 eV in fig. 3.7(b) (also marked
with blue arrows). This feature is assigned to the FeSe thin film, as it is not visible
on clean Bi2Se3 in fig. 3.1(d).

The constant binding energy cuts in fig. 3.6(c) reveal a prominent hexagonal
warping of both topological surface states at the Fermi level which enclose the con-
duction band feature at Γ̄. However, with increasing binding energy the topological
surface state contour alters from a hexagonal to a circular shape92. The binding en-
ergies of the buried and bare Bi2Se3 Dirac points are observed at 0.72 eV and 0.36 eV,
respectively.

Fig. 3.6(d) shows the photoemission intensity integrated in a 110meV range
around the Fermi level to enhance features near the Fermi energy. By identifying
the Bi2Se3 BZ centers Γ̄ and Γ̄′Bi2Se3 , the first and second BZ can be constructed.
Furthermore, the LEED pattern in fig. 3.5(d) reveals the orientation of the three
domains of FeSe with respect to Bi2Se3, and this is used here to align the three FeSe
BZs relative to the Bi2Se3 BZ as seen in fig. 3.6(d). Besides the already discussed

4Γ̄ marks the center of the primary surface BZ and the subscripts on all other
high-symmetry point labels the corresponding high-symmetry point of the material.
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and (b) Γ̄-K̄Bi2Se3 directions, acquired at a temperature of 90K with
a photon energy of 18 eV. Two Dirac cone-like dispersions are observ-
able. The red and green dashed arrows mark the directions in the kx-
ky-plane of the cuts through the BZ of Bi2Se3. The blue arrow indicates
a non-dispersive FeSe feature at a binding energy of around 0.2 eV. (c)
Photoemission intensity along constant energy contours at different bind-
ing energies exhibit clearly both topological surface states. (d) Constant
energy contour acquired across a wider range of momenta, obtained by
integrating the spectral weight in a range 110meV around the Fermi level
at a photon energy of 53.6 eV. The orientation of the hexagonal Bi2Se3 BZ
(red dashed line) and the BZ of the three domains of FeSe (brown, orange
and yellow dashed lines) are shown. The small colored circles indicate the
M̄FeSe points of FeSe, and the Γ̄ points of Bi2Se3 are marked with small
red hexagons.
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three features around Γ̄ which are also observable at Γ̄′Bi2Se3 with suppressed intensity
due to geometry and matrix elements effects, no other feature is visible at this photon
energy.

Fig. 3.7(a) shows a Fermi surface acquired with a photon energy of 26 eV, which
enhances the photoemission features from the FeSe thin films. In addition to pho-
toemission signal stemming from the Bi2Se3, which are still well observable, a new
relatively weak features is visible at M̄FeSe. The adjusted contrast in the inset of
fig. 3.7(a) reveals a small round intensity enhancement on the left hand-side (towards
the first FeSe BZ) of M̄FeSe, and by further careful inspections another weaker round
feature on the right hand-side side (towards the second FeSe BZ) is observable; these
two features form together a dumbbell-like feature across the FeSe BZ boundary. The
suppression of intensity for the lobe in the second BZ can presumably be assigned to
matrix element effects mentioned above.

The photoemission intensity along the Γ̄X̄FeSeM̄FeSeΓ̄ directions in fig. 3.7(b)
reveals that the dumbbell-like feature originates from a faint photoemission intensity
near the Fermi surface. To investigate this faint feature more in detail, an analysis
method based on the mathematical concept of curvature is used, which enhances the
details of weak photoemission intensities on intense backgrounds93. The curvature
plot of the photoemission intensity along Γ̄X̄FeSeM̄FeSeΓ̄ directions in fig. 3.7(c)
reveals that a small electron pocket located near M̄FeSe at the Fermi level forms the
dumb-bell like feature (marked with green arrows).

In previous photoemission experiments on FeSe thin films on SrTiO3, a circular
features near M̄FeSe was associated with the superconductive phase of ML FeSe,
while a similar dumb-bell like feature was observed for non-superconducting 3ML
films23,94,95. Fig. 3.8(b) and (f) show the Fermi contour of the non-superconducting
phase from Ref.23 together with the Fermi contour from fig. 3.7(a) to underline the
similarity of the photoemission features near M̄FeSe for the two systems. For further
comparison, cuts through Γ̄ (marked with blue line) and through M̄FeSe (marked
with green line) and the corresponding curvature cuts of FeSe on Bi2Se3 are shown in
fig. 3.8(c)-(d) together with similar cuts of 3ML FeSe on SrTiO3 in fig. 3.8(g). The
direct comparison reveals that both multilayer FeSe samples exhibit a similar dome-
like feature at Γ̄ and a small electron pocket at M̄FeSe which leads to the formation
of the dumbbell-like feature. In consideration of the findings in Ref.23, together with
the above presented STM results, a thickness of at least 3ML is suggested for FeSe
thin films on Bi2Se3.

Complementary to the ARPES investigations, STS spectra were acquired in a
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Figure 3.8: Comparison of photoemission spectra of 3+ML of FeSe on Bi2Se3 and
3ML of FeSe on SrTiO3 adapted and modified from Ref.23. (a) and
(e) Schematic view of the different material systems. (b) and (f) Fermi
contours of 3+ML FeSe thin film synthesized on a Bi2Se3 and SrTiO3,
respectively. (c) and (g) photoemission intensity close to Γ̄ and M̄ of the
two systems, respectively. (d) Curvature plot of (c).

large energy range around the Fermi level on bare Bi2Se3 and FeSe thin films (fig.
3.5(e)). While the Bi2Se3 shows the typical STS spectrum96 FeSe exhibits a char-
acteristic broad peak at Vs = −225mV, which is attributed to the non-dispersive
feature marked with a blue arrow in fig. 3.6(a) and (b). Note that STS spectra were
independent of the FeSe thickness.

High-resolution STS at T = 5K was used to explore the possible existence of
superconductivity. Fig. 3.5(f) shows one typical STS spectrum out of 400 measure-
ments made on eleven different preparations of three different Bi2Se3 crystals. The
measurements were made on different FeSe thicknesses and none showed a repro-
ducible superconducting gap.
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3.3 Bulk Fe1.08Te
The following two sections are dedicated to the investigation of the crystal and elec-
tronic structure of bulk Fe1.08Te and FeTe thin films grown on Bi2Te3 using STM,
LEED, ARPES and first principles calculations. STM measurements were performed
in a collaboration with the group of Prof. Roland Wiesendanger (Universität Ham-
burg). Using the electronic structure results from the bulk Fe1.08Te it is possible to
partly disentangle the contributions from three different rotational domains of the
FeTe thin film. Furthermore, no significant change of the film’s electronic structure
is observed by alkali doping of the surface. The doping behavior is further supported
by ab-initio calculations, performed by the group of Prof. Tim Wehling (Universität
Bremen).

3.3.1 Structural and Electronic Analysis of Bulk Fe1.08Te

So far, the focus in this thesis has been on thin films of FeSe a system which has
been well studied in terms of substrate effects, excess Se, the influence of electronic
structure on the superconducting behavior,22,56,57,59,71 while little work has been
performed on FeTe thin films, a material which is not a bulk superconductor and
exhibits as thin films grown on Bi2Te3 a critical temperature of 6K61.

High-quality Fe1+yTe single crystals were synthesized by the group of Prof. Mar-
tin Bremhold (Aarhus University) using the flux method: see Ref.97. As the properties
of bulk Fe1+yTe depend strongly on the amount of excess Fe (y) in the system it was
kept as low as possible72–74. X-ray diffraction leaded to an excess Fe content for
the used crystals of y ≈ 0.08. DFT calculations of the electronic structure for bulk
FeTe (y = 0) and freestanding SL FeTe were performed by the group of Prof. Tim
Wehling (Universität Bremen) and are shown in fig. 3.3(a), (b) and (c). The STM
measurements were acquired by the group of Prof. Roland Wiesendanger (Universität
Hamburg) with a homebuilt variable temperature STM in UHV where the sample and
the tip were cooled down to 32K98,99.

The layered Fe1.08Te crystals were prepared by cleaving in air until a smooth
surface was achieved. The samples were subsequently cleaved by the scotch tape
method in UHV at room temperature to obtain a clean and adsorbate free surface.
In atomically resolved STM images, the as-cleaved Fe1.08Te shows the square surface
unit cell of FeTe but also excess Fe atoms which are visible as small circular bright
protrusions as seen in fig. 3.10(a). Annealing at 430K for 30min removes the excess
Fe resulting in a clean and high quality Fe1.08Te surface with a very low density of
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defects as seen in fig. 3.10(b). Prior to acquisition of the ARPES data, the sample
orientation was determined by LEED. A typical LEED pattern, shown in the inset
of fig. 3.9(a), exhibits, besides the main diffraction points spots of the square surface
lattice, small satellite spots which are attributed to crystallites with slightly different
orientations. As the probing area of the LEED electron beam is around 1-2mm in
diameter, it is assumed that the dimensions of the crystallites are of the same order of
magnitude. For ARPES measurements, it was verified that the light spot (horizontal
diameter of 200 µm) was centered on one single domain of the Fe1.08Te crystal during
data acquisition of an angle scan5. As already mentioned in section 3.1.3 instead of
labeling the centre, edge and corner high symmetry points (i.e. as Γ, X and M),
these points are labeled as the projected SBZ and marked in the following way with
Γ̄, M̄ and X̄, respectively.

Fig. 3.9(a), (b) and (d) show the ARPES data of the cleaved bulk Fe1.08Te
sample; in specific the photoemission intensity integrated in a 120meV range around
the Fermi level (fig. 3.9(a)) and high symmetry direction cuts through the BZ (fig.
3.9(b) and (d)). Note that identical high symmetry points in the different BZs are
numbered starting with Γ̄0 for the first BZ and Γ̄n (n=1, 2, ...) for subsequent
BZs. The presented photoemission spectrum acquired at a sample temperature of
90K in the paramagnetic state is characterized by overall broad features without
the formation of a sharp quasiparticle peak close to the Fermi level consistent with
previous findings for this material system100–102. It is worth mentioning that the
substitution of Te with only 10% Se in Fe1+yTe results in much sharper and more
well-defined electronic bands103. A possible explanation for the remarkably strong
difference between Fe1+yTe and FeTe1−xSex may be strong electron correlation effects.
Furthermore, previous studies on Fe1+yTe show that strong matrix element effects
suppress the photoemission intensity for specific light polarizations such that not
all predicted bands are expected to be observable for the light polarization used at
the SGM3 beamline77,100,104. Using a photon energy of 65 eV, the photoemission
features in the second BZ can be reached; see fig. 3.9(a). In the second BZ, the
Fermi surface features, especially around Γ̄1, Γ̄2 and M̄1, are clearer while in the first
BZ, particularly near Γ̄0 and X̄, only very broad features are observed. As the band
structure features details are clearer in the second BZ we will focus here the following
discussion.

Fig 3.9(b)-(e) show the band structure of bulk Fe1.08Te along the Γ̄1M̄1Γ̄2 and

5Angle scan: the sample is rotated around the axis of the manipulator (Θ) to
measure the band structure from specified points in the BZ.
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Figure 3.9: Photoemission data from bulk Fe1.08Te at a photon energy of hν = 65 eV
and at a temperature of 90K. (a) Constant energy contour integrating the
photoemission intensity over a range of 120meV around the Fermi energy.
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corresponding high symmetry points (small purple circles). An exemplary
LEED pattern used to determine the orientation of the sample (Ekin =
128 eV) is shown in the inset. (b) Photoemission spectra along the Γ̄1M̄1Γ̄2

directions and (c) the corresponding curvature plot. The solid green and
red lines are DFT calculations for the dispersion in the Z-A-R and the Γ-
M -X plane, respectively. For best agreement with the experimental data
the predicted band structure was renormalized (renormalization factor)
by a factor of around 2 and shifted in binding energy. The dashed white
and black lines indicate the Fermi level of the experimental data, while the
light blue line indicates the position of the Fermi level determined from
DFT. (d) Photoemission spectra along the Γ̄1M̄1X̄1Γ̄1 directions and (e)
the corresponding curvature plot.
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Γ̄1M̄1X̄1Γ̄1 directions, and their corresponding curvature plots93 with the predicted
band structure of bulk FeTe, from fig. 3.3(b), superimposed. For a detailed inves-
tigation of the ARPES results the 3D character of the Fe1.08Te crystal has to be
considered or in other words the momentum component perpendicular to the inter-
face k⊥ is not conserved during the photoemission process and hence the observed
photoemission dispersion along the high symmetry directions cannot be assigned to
the corresponding k⊥. Furthermore, it cannot be assumed that the initial state of k⊥
is constant for covering a Fermi surface scan along two BZs at a fixed photon energy.
This is not a serious concern for most states which exhibit quasi 2D character. How-
ever, in order to compare the experimental photoemission intensity in a meaningful
manner with the DFT calculations, the predicted band structure of the middle plane
of the 3D BZ (Γ-M -X, red solid line) and the corresponding band structure from the
edge of the 3D BZ (along Z-A-R, green solid line) are superimposed on the ARPES
results.

The photoemission spectra together with the predicted band structures shown in
fig. 3.9(b)-(e) reveal features with distinct 3D character, i.e. band dispersion in k⊥
(see difference in green and red bands). The innermost red hole pocket around Γ̄1

exhibits strong 3D character and is even suppressed in the Z-A-R plane (green), a
behavior which is expected from the dxz/dyz orbital character of this band77. Other
bands show strong 2D behavior, indicated by small dispersion in the Γ-Z direction
and this is seen on the "camel-back" shaped band near Γ̄ at a binding energy of
≈250meV and the electron pockets around M̄ . These quasi 2D bands are not affected
by broadening effects in k⊥ and assumed to be narrower in photoemission. Therefore,
the "camel-back" shaped bands at Γ̄ are used to align the predicted band structure
and the best apparent agreement is achieved for a renormalization factor (see section
3.1.3) of around 2 and a rigid band shift of 65meV to higher binding energy. Similar
renormalization factors were required in previous studies for bulk Fe1+yTe and were
attributed to correlation effects100. The band shift sounds consistent with a small
p-doping of the Fe1.08Te crystal. However, it is to point out that orbitally dependent
many body renormalizations are also known to lead to a shift of special spectral
features78.

While the predicted hole pocket at Γ̄1 is clearly visible in the photoemission spec-
tra in the second BZ, its intensity is suppressed around normal emission at Γ̄0. This
character of the band structure emphasizes the strong effect of the matrix elements
of this material and also justifies the significance of using the correct crystallographic
“2-Fe” BZ instead of the “1-Fe ” BZ which should not exhibit by necessity a hole pocket
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at this location. The very intense photoemission intensity along the X̄1-Γ̄1 direction
stems presumably from overlapping multiple broad bands. In order to visualize faint
spectral weight in the presented photoemission spectra the curvature method is used
as seen in fig. 3.9(c) and (e). The existence of an electron pocket at M̄ is observed,
however, the intensity of these bands decrease closer to the Fermi level and are not
longer visible even when the curvature method is used.

A further investigation of the Fermi surface in the second BZ shows the existence
of a feature at X̄1, which is not expected by the band structure calculations. A
similar feature has been observed in several studies of bulk Fe1+yTe100,102 but the
origin could not be determined. However, fig. 3.9(d) suggests that the unknown
feature arises from a strong photoemission intensity at higher binding energy near
X̄1.

Before we present the study on the crystal and electronic structure of FeTe thin
films on Bi2Te3, and the effect of Rb surface doping on the electronic structure of the
film, we characterize the distribution of Rb atoms on Fe1.08Te crystals using STM.

Single Rb atoms have been deposited by resistance heating of a (SAES) alkali
metal dispenser facing the sample surface (sample temperature was maintained at
150K). The coverage was determined by the ratio of Rb atoms compared to Fe atom
in the Fe1+yTe surface. Before depositing the Rb, the Fe1.08Te sample was annealed
to 430K to remove the excess Fe on the surface as seen in fig. 3.10(a) and (b).

STM images of increasing coverages from 0.5% to 4.5% are displayed in fig.
3.10(c)-(f) as labeled. The atomically resolved images reveal a distribution of sin-
gle Rb atoms, appearing as circular protrusions with an apparent height of 1.4Å, as
shown by the line profile in fig. 3.10(g). A similar apparent height has been observed
for single Rb atoms adsorbed on Bi2Se3

105. The STM images show that the Rb atoms
do not cluster and form a very homogeneous, highly ordered distribution of Rb, best
observable at a Rb coverage of 3.0% and 4.5% (fig. 3.10(e) and (f)).

This interpretation is further supported by an analysis of the coverage dependent
distances between the Rb atoms. To this end, the insets in fig. 3.10(c)-(f) visualize the
autocorrelation of the Rb atom positions within a 50 nm×50 nm area for each coverage.
The autocorrelation images locate the displacement of all surrounding atoms with
respect to a given atom, summed over all individual atoms and reveal a distribution
on a square lattice105. Most notably, the autocorrelation images exhibit a rather
large unoccupied area in the center, clearly indicating a repulsive interaction between
the Rb atoms. We attribute this interaction to the Coulomb repulsion between the
Rb atoms which are presumably donating electrons to the substrate and thereby
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become charged. Even though this experiment was carried out on the surface of a
bulk Fe1.08Te crystal, a similar distribution of the Rb atoms might be expected for
FeTe thin films.
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Figure 3.10: STM investigation of bulk Fe1.08Te for different Rb coverages. Con-
stant current images of pristine bulk Fe1.08Te (a) before and (b) after
annealing. (c)-(f) Constant current images of increasing Rb coverages
on Fe1.08Te as labeled in each panel. The insets show the autocorrela-
tion plots of the atom positions. (g) Line profile across two Rb atoms as
marked by the white line in (c). Tunneling parameters: (a) Vs = 40mV,
It = 150pA; (b) Vs = 20mV, It = 250pA; (c)-(f) Vs = 1V, It = 50pA.
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3.4 FeTe Thin Films on Bi2Te3

3.4.1 Growth of FeTe Thin Films on Bi2Te3

FeTe thin films on Bi2Te3 samples and STM measurements were obtained as part
of a collaboration with the group of Prof. Roland Wiesendanger (Universität Ham-
burg). For ARPES measurements the thin film samples, which were prepared at the
Universität Hamburg, were transported in situ in a vacuum suitcase to the SGM3
endstation.

The synthesis of FeTe thin films on Bi2Te3 is based on a well-known approach
documented in the literature57,61,106,107, and is mostly analogous to the growth of
FeSe thin films on Bi2Se3 as outlined in section 3.2.1 of this thesis. Firstly, the Bi2Te3

crystals, which are synthesized using a Stockbarger method61, are pre-cleaved in air
and subsequently in UHV to achieve a clean surface without adsorbates. Before Fe is
deposited with an electron beam evaporator on the surface of the crystal, the quality of
substrate is checked with STM. The substrate is annealed for 30min at 588K in order
to trigger Te segregation from the bulk to the surface and to introduce the formation
of a FeTe adlayer. Note that during the annealing process the Bi2Te3 surface is
partly fractured due to segregation of Te from the top quintuple layer108. Ultimately
this leads to the formation of embedded FeTe adlayers of different thicknesses on the
Bi2Te3 substrate61,106.

3.4.2 Structural Analysis of FeTe Thin Films on Bi2Te3

The combination of a three-fold substrate and a two-fold adlayer leads to the formation
of three rotational domains of FeTe thin films with respect to Bi2Te3 as seen already in
the case of FeSe thin films on Bi2Se3 in section 3.2. Before investigating the averaged
electronic structure of the three rotational domains we will focus first on the local
characterization with STM.

Fig. 3.11(a) shows the atomic resolution image of bare Bi2Te3 and two rotational
domains of FeTe which are separated by a grain boundary marked with black arrows.
The signature of Bi2Te3 is a hexagonal surface lattice (grey scale), while the FeTe
thin films exhibit a surface square lattice (orange color scale). The simultaneous
imaging of the Bi2Te3 and the FeTe atomic surface lattice not only reveal directly the
orientations of the substrate and the adlayer with respect to each other but also shows
the rotational domains of the FeTe thin film (indicated by colored lines). Therefore,
it is evident that FeTe thin films grow in three domains on Bi2Te3 rotate by 0, 120◦
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Figure 3.11: (a) Atomically resolved STM image showing two different rotational FeTe
domains (square lattice, orange color scale) and bare Bi2Te3 (hexago-
nal lattice, grey scale). The black arrows indicate the grain boundary
separating the two rotational domains of the FeTe thin films. The col-
ored lines mark the orientation of the atomic lattices; purple and green
for FeTe, yellow for Bi2Te3. Tunneling parameters: Vs = −200mV,
It = 300pA. (b) Typical overview STM image of the FeTe thin films
grown on Bi2Te3 sample investigated by ARPES. Tunneling parameters:
Vs = −400mV, It = 100pA. The line profile plotted in (c) marks the
apparent height along the solid white line in (b). The FeTe layers are
visualized in a color-code corresponding to the colors in (b).
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and 240◦ with respect to each other.

Fig. 3.11(b) shows a typical overview image of the FeTe layers surrounded by the
Bi2Te3 substrate. The height profile in fig. 3.11(c) along the white line in (b) exhibits
apparent heights of 1.4(0.1)Å and 3.7(0.1)Å with respect to the Bi2Te3 surface, which
is much lower than the reported apparent height of 6.25Å for the bulk FeTe unit
cell109. These findings suggest that similar to the FeSe thin film on Bi2Se3 case, the
FeTe islands are embedded in the Bi2Te3 quintuple layer and further strongly point
to the possibility of the integration of FeTe layers in the partly fractured topmost
Bi2Te3 quintuple layer. In contrast to FeSe thin films on Bi2Se3 no clear linear moiré
structure is visible in the case of FeTe thin films on Bi2Te3. The suppression of the
moiré in STM is in line with a strongly fractured Bi2Te3 quintuple layer located under
the FeTe film, on the other hand a multiply stacked FeTe layers would also result in
a suppression of the moiré. However, FeTe layers grown on-top of the incorporated
FeTe islands exhibit an apparent height of 6.4(0.1)Å which is close to the value of
6.25Å for the thickness of a single bulk unit cell of FeTe109. Besides the FeTe layers,
islands with rough edges labeled with Bi and an apparent height of 4.8(0.1)Å are also
observable in fig. 3.11(b). This apparent height is in good agreement with reported
single Bi bilayer on Bi2Te3 of 4.7Å and suggests that these islands are accumulated
residual Bi from the FeTe thin film synthesis110. As the different surface regions are
identified now, the overall coverage for the lowest apparent height of FeTe thin film
can be determined to be ∼ 70% with a ∼ 10% grown on-top layer. Note that it can
not be excluded that additional FeTe layers are formed under the embedded FeTe
layers.

3.4.3 Electronic Structure of FeTe Thin Films on Bi2Te3

In contrast to STM, ARPES probes all three rotational domains within the beam
spot size (200 µm× 50 µm) which leads to difficulties in the interpretation of the pho-
toemission data. In this section a step-by-step guideline is presented to disentangle
the complex photoemission features of FeTe thin films on Bi2Te3, exploiting the ex-
perience with the previously presented electronic structure of bulk Fe1.08Te (section
3.3).

Fig. 3.12(a) shows the photoemission intensity of FeTe thin films on Bi2Te3 inte-
grated in a 120meV range around the Fermi level at a photon energy of hν = 65 eV.
The complex Fermi contour consists of three prominent features: a star-like photoe-
mission intensity around Γ̄0, a ring with slightly modulating intensity at ≈0.8Å−1
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Figure 3.12: Comparison of the FeTe thin film and bulk Fe1.08Te Fermi contours ac-
quired at a photon energy of 65 eV and a temperature of 90K. (a) Pho-
toemission intensity of thin film FeTe integrated over a 120meV range
around the Fermi energy. The BZ of the three rotational domains (120◦
to each other) are marked with colored dashed lines (pink, purple and
green). The high symmetry points Γ̄0, M̄1, X̄1 and Γ̄1 are labeled for
the purple BZ and marked by small purple circles. (b) and (c) Con-
struction of the thin film Fermi surface from the bulk one: (b) constant
energy contour of bulk Fe1.08Te from fig. 3.9(a) but slightly saturated
in contrast. The yellow dashed 30◦ wedge marks the area which is used
for constructing the thin film Fermi surface. (c) By rotating the yellow
wedge of (b) in steps of 30◦ the thin film Fermi surface is obtained.

and a periodic repetitive cross like feature at ≈1.7Å−1 similar to that observed in
bulk Fe1.08Te around Γ̄1 (fig. 3.9(a)).

In ARPES one observes the incoherent superposition of photoemission intensity
for the different domains of the FeTe thin films, which results in a complex and
confusing Fermi contour as seen in fig. 3.12(a). In order to disentangle the mix
of electronic band structures one has to identify the contribution of each rotational
domain. The cross like feature can be ascribed to the Γ̄1 point of bulk Fe1.08Te as
seen in fig. 3.9(a) and serves as anchor point to determine the orientation of the BZs
of the FeTe thin films. The three rotational domains of the FeTe thin film BZ are
marked by the colored dashed lines (pink, purple and green) in fig. 3.12(a). The thin
film Fermi surface can now be constructed by using the bulk Fe1.08Te photoemission
data as explained in the remainder of this paragraph. Fig. 3.12(b) shows the exact
same photoemission data of bulk Fe1.08Te, as in fig. 3.9(a), but with slightly saturated
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color-scale. The superimposed yellow 30◦ wedge contains all prominent features of the
bulk Fe1.08Te Fermi contour. By rotating the yellow wedge in 30◦ steps with respect
to the equivalent directions of the three FeTe thin film domains, a similar looking
Fermi contour in fig. 3.12(c) is constructed, as seen in the photoemission data for the
thin film in fig. 3.12(a).

However, a closer inspection reveals minor variations between the thin film and
the bulk Fermi contour in fig 3.12(a) and (b), respectively. The most evident change
occurs around the cross-like feature at the Γ̄1 point. While in the bulk Fermi contour
the cross-like feature exhibits a clear “hole” with weakened spectral intensity, the
“hole” in the thin film contour is much smaller in diameter. Note that the cross-
like feature is consistent with the Fermi contour expected from the presence of the
calculated innermost hole pocket for bulk FeTe (fig. 3.3(a) and (b)) which is absent
in the 2D case (fig. 3.3(c)). This not only shows the distinct 3D character of the FeTe
thin film but also suggests that the smaller “hole” is associated with a lower p-doping
of the thin film compared to the bulk case. However, due to very broad bands and
polarization effects a determination of the doping based on the changes in the Fermi
surface is not reliable. Furthermore, it has to be noted that a comparison of doping
between thin films and bulk samples is a difficult point to address because screening,
confinement effects or strain might alter the Fermi surface shape of the thin film111.

However, a charge transfer from the FeTe adlayer to the substrate can be indirectly
observed in a shift of the substrate’s band structure upon formation of the FeTe thin
film. Hereby, we exploit the photon energy dependent photoemission cross section
of the adlayer and the substrate to simultaneously enhance the Bi2Te3 and suppress
partly the FeTe photoemission contribution for a photon energy of 20 eV. Fig. 3.13
shows an overview of the photoemission data for bare Bi2Te3 and covered with FeTe
thin films. The Fermi contour and the dispersion along the K̄Γ̄K̄ direction for the
as-cleaved Bi2Te3 in fig. 3.13(a) and (c), respectively, show that the VBM and the
Dirac point are located close to the Fermi level resulting in the topological surface
state located in the unoccupied bands and therefore not reachable with ARPES. In
the opposite situation the FeTe covered surface exhibits a strongly warped hexagonal
Fermi contour of the topological surface state with an overall shift of the states to
higher binding energies as seen in fig. 3.13(b) and (d). This is a sign of strong
electron doping in the first layers of Bi2Te3 which is accompanied by p-doping in
the FeTe thin films. The charge transfer is effectively so strong that it give rise to a
Rashba-split two-dimensional electron gas in the conduction band states112,113 which
is also observable in the Fermi contour as a weak spectral weight surrounded by the
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Figure 3.13: Doping behavior of the substrate acquired at a photon energy of 20 eV
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in a 3meV range around the Fermi energy and (c)-(d) high symmetry
cuts along the K̄Γ̄K̄ direction for the clean Bi2Te3 and FeTe thin films
on Bi2Te3, respectively. The orange dashed lines mark the minimum
of the V-shaped surface state. The orange arrows illustrate the binding
energy of the V-shaped surface state.

hexagonally warped topological surface state in fig. 3.13(b). The dispersion of the
covered Bi2Te3 states are well observable and only slightly deformed. The intense
V-like state, which is identified as a surface state of clean Bi2Te3

114, can be used
to determine the shift of the band structures to ≈450meV to higher binding energy
upon formation of the FeTe thin films. Overall these results point to a net charge
transfer from the thin film FeTe layers to the Bi2Te3 substrate leading to a p-doped
adlayer as assumed by the investigation of the Fermi contours in fig. 3.12. It is worth
mentioning that the shift is comparable to the one of the FeSe thin films on Bi2Se3

which amounts to 360meV (section 3.2.3).

Since the next section of this chapter deals with alkali doping of FeTe thin films
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grown on Bi2Te3 it is worth summarizing the important conclusions of section 3.3
and 3.4 so far. The autocorrelation image of Rb atoms distributed on bulk Fe1.08Te
indicates a electron transfer from Rb to bulk Fe1.08Te, suggesting a similar behavior
for the case of Rb on FeTe thin films. The complicated Fermi surface of the thin film
can be viewed as a superposition of three rotational domains of bulk Fe1.08Te and
underlines hereby the 3D character of the thin films. Moreover, the Bi2Te3 surface
covered with FeTe is strongly n-doped suggesting a net charge transfer from the FeTe
adlayer to the substrate.

3.4.4 Electronic Structure of Alkali Doped FeTe Thin

Films on Bi2Te3

Lastly, the electronic structure of purposely doped FeTe thin films is studied. The
alkali doping of the FeTe thin film was carried out with resistance heating of a (SAES)
Rb dispenser directly aligned with the sample in the MC manipulator of the SGM3
endstation. The sample was maintained at a temperature of 90K during the Rb
deposition and data acquisition. The alkali coverage was determined by the ratio of
Rb/Te core level photoemission intensities.

Fig. 3.14 gives on overview of the electronic structure of FeTe on Bi2Te3 for a
Rb coverage of 0-10%. Counterintuitively, both the integrated intensity in a 120meV
range around the Fermi energy (fig. 3.14(a)-(c)) and the high symmetry cut in the
M̄ Γ̄1M̄1 directions (fig. 3.14(d)-(f)) does not show any recognizable change upon
doping, even for a Rb atom concentration of ∼10% on the surface.

As shown in fig. 3.10 alkali atoms such as Rb exhibit a the strong ionic character
and are commonly exploited for manipulating the work function of materials or, as
used here, for surface doping105. Therefore, it is rather unexpected that Rb deposition
on FeTe thin films does not induce a visible doping effect. However, this behavior
can be explained by DFT calculations which yields a density of states (DOS) at the
Fermi level of around 5 eV−1 per unit cell equivalent to 2.5 eV−1 per Fe atom. A
electron doping of 0.1 electron per Fe atom results, with such a DOS, in a rigid band
shift of only 40meV as seen in fig. 3.14(g). Furthermore, fig. 3.14(g) shows that for
the predicted undoped (red) and heavily doped (purple) band structure no evident
change is expected therefore the Fermi surfaces also remains similar.
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acquired at a photon energy of 65 eV and at a temperature of 90K.
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3.5. Conclusion Iron Chalcogenides 57

3.5 Conclusion Iron Chalcogenides
In summary chapter 3 provides an opportunity to compare and contrast the crystal
and electronic structure of the ICs, FeSe and FeTe, in the proximity of the 2D limit.
The similar synthesis methods of FeSe and FeTe on respective topological insulators
Bi2Se3 and Bi2Te3, result in both cases, to multilayer films embedded in the substrate
in three rotational domains. Photoemission features which can be assigned to multi-
layer FeSe film and bulk FeTe show the materials’ 3D character already at a few MLs.
A net charge transfer from the FeTe adlayer to the substrate is indirectly observed
by a shift in the band structure of the substrate upon formation of the thin film.

Despite the similarities, FeSe and FeTe also exhibit striking differences in terms
of their electronic properties, which can be helpful to understand with regards to
the underlying process of iron based unconventional superconductivity. Bulk FeSe
exhibits a superconducting transition temperature of 8K which can be impressively
raised to over 100K by synthesizing ML FeSe on SrTiO3

22,56. However for the pre-
sented case FeSe thin films on Bi2Se3 show, surprisingly, no sign of a superconducting
gap at 5K, a temperature even lower than the reported TC for bulk. On the other
hand, it has to be noted that a limited quantity of y = 0.03 excess Fe in between
the van der Waals gaps of this layered material results already in a suppression of
the superconductive state69–71. Thus a direct comparison of critical temperatures in
these materials without a clear indication of the excess Fe has to be taken with a
grain of salt. The cousin system FeTe instead, while showing no superconductivity in
the bulk form, exhibits in the thin film limit a superconducting gap corresponding to
a TC of 6K and coexisting with a bi-collinear antiferromagnetic order61. Strong elec-
tronic correlated effects in FeTe presumably lead to very broad bands while for FeSe
the electronic structure is better defined. A complete understanding of the properties
which lead to unconventional superconductivity remain an unsettled period.





Chapter 4. Single Layer V1+xS2
on Au(111)

The following chapter is dedicated to the synthesis methods employed for SL V1+xS2

on Au(111). STM and LEED measurements reveal two distinct phase transitions
of the as-grown sample upon annealing in UHV. The crystal structure of all three
phases is determined by a study that combines several methods of structural analysis.
Finally, the electronic structure of the three phases is discussed. In the following
the group of TMDCs is briefly discussed and as well the structure and properties of
V1+xS2 are presented.

4.1 Introduction

4.1.1 Bulk and Two-Dimensional Transition Metal

Dichalcogenides

The research on bulk TMDCs can be dated back to the 1960s115 and was reinitialized
by the discovery of graphene through mechanical exfoliation in 200415. The history
of TMDCs and an overview about current research can be found in Ref.116. The
chemical formula of TMDCs is MX2, where M labels the transition metal and X the
chalcogen. Solely 40 of the 100 existing bulk TMDCs are layered and constructed
in a sandwich-like manner that consists of a mid-layer of a transition metal (M)
surrounded by one top and one bottom layer of chalcogens (X) (fig. 4.1 inset). In
this configuration each chalcogen uses two electrons from one transition metal to fill
the bonding state, a situation which results in a change of the oxidation state to +4
for the transition metal and to -2 for the chalcogen atom. The lone pair of X and
the absence of dangling bonds on the surface makes each layer chemically inert and
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explains the nature of the layered structure: by contrast to the covalently bonded
M-X intralayers, only weak van der Waals forces between the MX2-MX2 layers are
present and allow them easy to cleave, similar to graphene.

Bulk TMDCs show a variety of crystal morphologies caused by two possible co-
ordinations of the transition metal M inside the sandwich structure as by different
stacking orders of the MX2 layers. One can distinguish between trigonal prismatic
(H) or octahedral (T) coordination, and between the three most common polymorphs
1T, 2H (AB stacking) and 3R (ABC stacking)1, as shown in fig. 4.1. Depending on
the atomic composition (i.e., the identities of the transition metal and the chalco-
gen atom), the electronic properties can vary significantly. While the majority of
the layered TMDCs are semiconductors (groups 4, 6, 7, 9, 10), group 5 TMDCs are
metallic. Intriguing physical phenomena such as metal-semiconductor transitions, su-
perconductivity and charge-density waves were observed in this material system in
bulk115–117.

By contrast to the bulk parent compounds, SL TMDCs develop interesting addi-
tional properties. For example, WS2 and MoS2 exhibit an indirect-to-direct bandgap
transition1–3. Among the variety of monolayer TMDCs, SL VS2 has attracted in-
terest due to its theoretically predicted intrinsic magnetism and strong dependence

1The number indicates the MX2 layers within a unit cell.
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of the magnetic state on the crystal structure118–125. Controllable magnetism in 2D
materials would be especially valuable for spintronics application and data storage
systems.

4.1.2 Crystal and Electronic Structure of V1+xS2

Due to the thermodynamic metastability of stoichiometric bulk V1+xS2 (x = 0), the
synthesis is rather challenging and the material system remains little studied126,127.
However, previous studies have shown that octahedrally coordinated (1T) VS2 can be
synthesized by Li deintercalation of stoichiometric LiVS2

126,128. The VS2 prepared
with this method is in a metastable state which becomes S-depleted beyond 300◦C
and is therefore referred as V1+xS2. Due to the S depletion, interstitial V atoms are
forming in between the van der Waals gaps of the layered 1T-V1+xS2 system driving
a slight increase in lattice constant from 3.217Å to 3.2703Å for x = 0 to 0.172126,127.
Moreover, at x = 0.25 the ordering of the interstitial V forces a phase transition from
the octahedral coordination to monoclinic V5S8 (i.e. V1.25S2) as seen fig. 4.2129. The
figure also shows all other known compounds of V1+xS2. Previous studies show that
bulk 1T-V1+xS2 can also be synthesized by high pressure S synthesis and that the x
content influences such physical properties as electrical conduction and CDW127.

A number of SL TMDCs, including MoS2, WS2 and TaS2 have been already syn-
thesized as 2D materials and intriguing changes have been observed in the electronic
properties compared to the bulk parent compound1–3. In the case of bulk 1T-V1+xS2

the change in the lattice constant upon S depletion suggests a possible way to pre-
sumably modify the predicted magnetic moment in the SL through controlling the
crystal structure121–125. A precise and controllable magnetism in 2D materials would
be especially valuable for potential applications such as high-performance functional
nanomaterials118. However, in line with the synthesis of bulk VS2 the growth of SL
VS2 is rather challenging and could not be realized until today.

The difficulties in the synthesis of the predicted 2D magnet VS2 might be also
partly attributable to the Mermin-Wagner theorem. This theorem prohibits long
range magnetic order in 1D and 2D systems since strong thermal fluctuations destroy
2D ferromagnetism130. Intrinsic magnetism in 2D materials could be realized neither
in graphene nor in any synthesized SL TMDC so far. However, the latest discovery
by Huang et al. and Gong et al. shows that magnetic anisotropy in 2D materials can
lift the Mermin-Wagner restriction and introduce intrinsic long-range ferromagnetic
order in 2D systems131,132.
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Figure 4.2: Top and side views of the crystal structures of all known stable bulk
V1+xS2 compounds. The chemical compositions and the lattice constants
are indicated in each panel. Yellow balls indicate S atoms and grey balls
V atoms, respectively. Unit cells are marked by red lines; red arrows mark
the points of view for the side view images. The structural information
of the bulk V1+xS2 compounds are obtained by Ref.133.
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Fig. 4.3(a) and (b) show the predicted Fermi surfaces of SL 1H- and 1T-VS2 for
the non-spin polarized cases. The Fermi contour for the 1H case in fig. 4.3(a) consists
of two hole pockets located at Γ̄ and K̄2. The former exhibits a hexagonal shaped
feature at the center of the BZ, and the latter a roundish triangle at the BZ corner.
The overall appearance is very similar to the Fermi contour previously obtained for SL
1H-TaS2 on Au(111)2. For the predicted 1T configuration in fig. 4.3(b), the Fermi
contour consists of a flower-like electron pocket with six elongated petals centered
at the M̄ points. While both of the predicted band structures exhibit a metallic
character, the actual Fermi contour is rather different and can be directly assigned to
the corresponding structural configuration.

(a) (b)

Γ

M

K Γ

M

K

Figure 4.3: Predicted Fermi surface of stoichiometric SL VS2 for the non-spin polar-
ized case for (a) 1H and (b) 1T configuration. The black lines correspond
to DFT-calculation, the green dashed lines indicate the hexagonal BZ of
SL VS2 and the green small circles mark the positions of the high sym-
metry points. Adapted and modified from Ref.124.

4.2 Synthesis of Single Layer V1+xS2 on Au(111)
Similarly to graphene, the first experiments on thin film TMDCs were performed
on mechanically exfoliated samples, which are easily produced by the scotch tape
method134–137. This technique leads to high quality thin film TMDC flakes with
varying atomic layers and random distribution on the substrate. These sample are
suitable for local measurement techniques as STM and transport measurements, where
the focus lies in one flake with a defined orientation and thickness. In Micro-ARPES
the spot size of the beam is small enough to obtain the electronic structure from only

2In Ref.124 this is solely stated but not explicitly shown by band structure disper-
sions.
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one domain flake138. However, in traditional ARPES, as used at the SGM3 beamline,
the photoemission signal is averaged over the whole beam spot (200 µm×50 µm, in our
case) which results in an incoherent superposition of contributions to photoemission
intensity from multiply oriented domains making it impossible to disentangle the
measured band structure of exfoliated TMDCs. In the following, the SL samples are
referred as V1+xS2 as we cannot exclude the formation of interstitial V in between the
substrate and the adlayer, similar to what is observed in the bulk parent compound.

In order to synthesize SL V1+xS2 which is usable for ARPES, a well established
epitaxial growth method is adapted which has successfully synthesized TMDC nanois-
lands for past studies of related materials systems139 and can be modified for syn-
thesizing various high quality SL semiconducting and metallic TMDCs1–3,7. These
growth procedures are based on the evaporation of a transition metal in a sulfur rich
atmosphere on a clean Au(111) surface that shows a regular herringbone reconstruc-
tion.

Before the growth of SL V1+xS2, the surface of the Au(111) was treated by stan-
dard UHV cleaning which includes several cycles of Ne+ ion sputtering and annealing
up to 700◦C until the Au(111) surface exhibits the regular herringbone reconstruction.
During the deposition of V with an electron beam evaporator the Au(111) crystal was
held at room temperature in UHV conditions. Subsequently, the substrate was located
ca. 1mm away from the home-build H2S nozzle and the chamber was backfilled to an
H2S pressure of 8.5× 10−5 to 1.2× 10−4 mbar at a sample temperature of 400◦C3. It
was observed that through further annealing in UHV two phase transitions of V1+xS2

were introduced at 450◦C and 550◦C (detailed discussion in section 4.3 and 4.4). For
the sake of simplicity, the as grown crystalline phase is called phase I, the 450◦C
annealed phase is called phase II and the high temperature phase is called phase III.

The SGM3 endstation (for LEED and ARPES) is not equipped for performing
all necessary structural characterization techniques to obtain a full picture of the
crystal morphology of SL V1+xS2; therefore, complementary investigations were per-
formed in a dedicated STM-chamber (described in section 2.2.3; for STM) and at the
SuperESCA beamline at Elettra Sincrotrone Trieste (for XPD and XPS). Since the
samples are air sensitive, we prepared them in situ in each measurement chamber.
Therefore, SL V1+xS2 on Au(111) was synthesized with modified growth methods
directly at each measurement setup: in the case of the STM-chamber the general
synthesis procedure was the same as described above, but due to safety reasons H2S

3The synthesis of V1+xS2 requires a high local H2S pressure on the sample surface,
as explained more in detail in section 4.3.
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was substituted with the less toxic sulfur precursor DMDS. DMDS was introduced
in the chamber via leak valve until a background pressure of 1.2× 10−6 mbar was
obtained4. The lower S background pressure and lifting of the requirement for high
local pressure during the growth are presumably attributable to stronger interaction
of the DMDS with the substrate140; furthermore, DMDS provides two S atoms per
molecule instead of only one as in the case of H2S. It is worth mentioning that the
different growth conditions do not change the basic properties of the material41. For
SuperESCA a synthesis technique was used in which H2S gas was dosed through a hot
V-filament directly onto the surface of the sample at elevated temperature. Studies
on SL TaS2 on Au(111) for this growth method indicate the formation of larger size
domains which are preferred single orientated2.

Unless otherwise stated, STM measurements were performed in the dedicated
STM-chamber in the SGM3 lab with an Aarhus-style STM at room temperature43.
The ARPES and LEED datasets were acquired at the SGM3 endstation at 35K104.
XPS and XPD data were acquired at the SuperESCA beamline of the Elettra syn-
chrotron radiation facility in Trieste (Italy) at room temperature141.

4.3 Structural Analysis of Single Layer V1+xS2

on Au(111)

4.3.1 Three Phases: Characterization with STM and

LEED

Structural Characterization with STM

STM measurements reveal three distinct crystalline phases, which are shown in fig.
4.4. Phase I in fig. 4.4(a) forms well-separated up-pointing and down-pointing triangle
islands which exhibit the typical hexagonal moiré structure observed on SL TMDCs
grown on Au(111)1–3,7. The intensity modulation of the moiré pattern is even better
observable in the atomically resolved STM image in the red inset of fig. 4.4(a),
which furthermore reveals the hexagonal surface lattice of phase I. Moreover, similar
triangular island shapes have been observed in previous studies on metallic SL TaS2

synthesized with the evaporator, while semiconducting SL WS2 and MoS2 on Au(111)

4In this work only STM results from the evaporator-DMDS growth method are
shown, unless otherwise stated.
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exhibit polygons for larger islands sizes1–3,7. The STM results presented here are in
line with previous STM studies of SL TMDCs on Au(111); however, considering the
metastability of the bulk parent compound, one cannot on the basis of STM alone
exclude the possibility that the islands might be a different V1+xS2 compound that
forms similar triangularly shaped islands with a hexagonal moiré. Note that STM
cannot necessarily distinguish between different polymorphs of materials if the surface
structure is similar, as solely the top S atoms are imaged. This problem can be seen
in the case of the tetragonal (1H) and octahedral (1T) coordinations for TMDCs.

Small bright irregularly shaped areas on top on the surface of phase I are visible,
which might be ascribable to accumulated residual V from the V1+xS2 SL synthe-
sis. It is worth mentioning that the sample’s surface is rather “dirty” by the pres-
ence of adsorbates accumulated during the growth process, and these adsorbates are
not removed until the sample is post-annealed (which also leads to the formation of
phase II).

Upon annealing in UHV to 400◦C a transition from phase I to phase II is induced.
The STM image in fig. 4.4(b) shows coexisting phase I and phase II domains obtained
by annealing precisely to the transition temperature. Both phases exhibit a hexagonal
moiré superstructure. Phase I already shows a slightly deformed moiré pattern with
clear observable dislocation lines, presumably due to the initiation of the phase change.
Furthermore, the well separated triangles seen in fig. 4.4(a) are now fused together
into larger islands, indicating mobility of the V1+xS2 islands at elevated temperature.
Even though phase II exhibits a hexagonal moiré pattern, one can clearly distinguish
the two moiré patterns which are separated by an irregularly shaped domain boundary
marked by black arrows. Note that a tip effect which might create similar looking
moiré structures can be excluded as both phases appear in the same STM line scan.

Fig. 4.4(c) shows the full transition to phase II after annealing to 450◦C in UHV.
Phase II exhibits a hexagonal moiré superstructure, similar to phase I. A well ordered
hexagonal moiré pattern is the result of the superposition of two hexagonal surface
lattices with a small lattice mismatch, indicating a hexagonal surface lattice in the
case of phase II even without atomically resolved STM images. Furthermore, the well
separated triangles of fig. 4.4(a) are now fused into larger uniform islands without
visible domain boundaries. The formation of domain boundaries occurs if oppositely
oriented TMDC islands collide during the growth/annealing process, so their absence
suggests a single-domain formation for phase II, at least within the large island area7.

Annealing in UHV to 500◦C leads to the transition to a third phase, whose sig-
nature is a striped superstructure. This so-called phase III is visible coexisting with



4.3. Structural Analysis of Single Layer V1+xS2 on Au(111) 67

T=400 oC in H2S

T=400oC

phase II           

phase I
(a)

(c)

phase III           
(e)

Au

Au
Au

phase II           

phase III           

(b)

Au
phase II           

phase I           

10 nm

1 nm

phase II

phase I-II

phase II-III

T=450oC

T=500oC

T=550oC

10 nm

10 nm

10 nm

10 nm

(d)

Figure 4.4: Evolution of the crystal morphology of V1+xS2 on Au(111) by anneal-
ing UHV. The different phases of V1+xS2 and the respective transition
temperatures are indicated in the panels. STM images acquired at room
temperature of (a) phase I, (b) intermediate phase I-II, (c) phase II, (d) in-
termediate phase II-III and (e) phase III. The red inset shows the atomic
resolution image for phase I. The black arrows mark the grain bound-
aries between adjacent phases. Tunneling parameters: (a) Vs = 825mV,
It = 0.30 nA; inset of (a) Vs = 300mV It = 1.26 nA; (b) Vs = −656mV,
It = −0.26 nA; (c) Vs = −656mV, It = −0.33 nA; (d) Vs = −565mV,
It = −0.48 nA; (e) Vs = 1117mV, It = 0.32 nA.
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phase II in fig. 4.4(d). In the upper part of the STM image, the hexagonal moiré
pattern of phase II is visible without any observable deformation; meanwhile, a trian-
gular island with the striped structure appears in the bottom left corner of the image,
and a similar striped domain is attached directly to the phase II island, with a sharp
domain boundary (marked by a black arrow).

The full transition to phase III is completed after annealing to 550◦C, and is
shown in fig. 4.4(e). The typical linear stripe structure of phase III is rotated in three
domains by 0, 120◦ and 240◦ with respect to each other. The surface crystal structure
can be revealed by atomically resolved STM, as in the image acquired by the group
of Prof. Alexander Khajetoorians (Radboud University) at 5K shown in fig. 4.55.
The overview image in fig. 4.5(a) shows the characteristic linear stripe structure for
phase III in three rotational domains together with the herringbone reconstruction
of the clean Au(111) substrate. At closer inspection, triangular loop-like distortions
prevent the herringbone reconstruction to propagate underneath the phase III SL,
suggesting a lifting of the native Au(111) surface reconstruction underneath the is-
lands. Fig. 4.5(b) shows an atomically resolved STM image of a phase III island
with the rectangular surface unit cell visualized by red lines. The lattice constants of
the rectangular unit cell can be determined by STM to be 9.1(0.1)Å and 3.4(0.1)Å,
values which are not in agreement with any V1+xS2 bulk compound of which we are
aware (fig. 4.2). Furthermore, the height profile reveals that the stripe structure does
not stem from a moiré superstructure but originates from an up-down modulation of
the top S atoms as seen in fig. 4.5(c). A similar modulation of the top S can be also
observed in distorted 1T-MX2, i.e. 1T’-MX2. In that case, the hexagonal a× a unit
cell is distorted to a

√
3a×a rectangular unit cell by the formation of one-dimensional

zigzag chains of the M atoms116,142. However, in the case of the distorted 1T’ config-
uration reported in the literature the ratio of the lateral lattice parameters is around
1.7, while for phase III the ratio is calculated to 2.7. This fact excludes the previously
reported 1T’ configuration as a possible crystal structure for our system. Neither
any V1+xS2 compound of which we are aware nor any MX2 distorted structures can
explain the unconventional lattice formation of phase III, suggesting a new crystal
structure presumably exclusively synthesizeable in the 2D-limit.

Fig. 4.5(e) shows a corresponding STM image of phase III acquired with different
scanning parameters than those of fig. 4.5(b). Instead of the atomic structure, a
new pattern consisting of a three cigar-like shaped features (marked by black rectan-

5The V1+xS2 sample was synthesized with the H2S-evaporator method at the
SGM3 endstation and sent in a vacuum suitcase to Radboud University.



4.3. Structural Analysis of Single Layer V1+xS2 on Au(111) 69

95
.0

 p
m

0

(b)

2 nm

2.73 nm

(e)

2.70 nm

(d)

(c) 40

0
20

Ap
p.

 H
ei

gh
t (

pm
)

distance (nm)
0.0 4.02.0

distance (nm)
0.0 2.01.00

10
20

35 pm
0.91 nm

0.34 nm

2 nm

0
1.

2 
nm(a)

20 nm

Au with 
herringbone

phase III

phase III

phase III

2.73 nm

2 nm

(f)

2.72 nm

Figure 4.5: STM images of phase III acquired at 5K by the group of Prof. Alexander
Khajetoorians (Radboud University). (a) Typical overview STM image
of sub-monolayer coverage for phase III on Au(111) shows the three ro-
tational domains of phase III and the herringbone reconstruction of the
substrate (marked in the figure). Tunneling parameters: Vs = 800mV,
It = 50pA. (b) Atomic resolved STM image reveals the rectangular unit
cell (red lines) of phase III. Tunneling parameters: Vs = 3mV, It = 3nA.
(c) and (d) Apparent height profiles along the blue and black arrows in
(b), respectively. (e) Corresponding STM image to (b) but acquired with
different scanning parameters (Vs = −800mV, It = 3 nA), revealing a
moiré superstructure. The black rectangle marks three cigar-like shapes
which generate the superstructure pattern. (f) Simple ball model to sim-
ulate the superstructure seen in (e). The rectangular unit cell of phase III
is superimposed on the hexagonal Au(111) surface lattice. The red lines
mark the unit cells of phase III and Au(111), respectively. The black
rectangle marks three cigar-like shapes which generate the moiré pattern
seen in (e).
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gle) is observable. The supercell is identified as a superstructure with a periodicity
of 2.73 nm × 2.70 nm. The experimental pattern can be simulated by a simple ball
model superimposing the phase III rectangular lattice on the hexagonal Au(111) sur-
face lattice as shown fig. 4.5(f). The theoretical periodicity of the superstructure
is determined to be 2.73 nm × 2.72 nm and well in agreement with the experimental
data.

Structural Characterization with LEED

The STM results from the three crystalline phases are corroborated by LEED inves-
tigations shown in fig. 4.6. We note that the data shown in fig. 4.6 were all acquired
from samples with partial monolayer coverage (around 0.7ML), with considerable
clean Au(111) exposed in between the single layer islands. In order to identify the
diffraction spots originating from Au(111) and V1+xS2 the reciprocal lattice vectors
are visualized by yellow and differently colored arrows in fig. 4.6, respectively.

The LEED pattern of phase I (fig. 4.6(a)) exhibits sharp diffraction spots ac-
companied by moiré satellite spots with strong intensity indicating a well crystallized
ordering of the whole sample. Note that for the kinetic energy used here the moiré
spots, even those of higher orders, are significantly stronger in intensity than the
rather weak phase I main spots. The reasons for this are not entirely clear, but
LEED intensity is a complex quantity involving multiple-scattering143, and complex
scattering events can affect the spot intensity in non-trivial ways. The moiré peri-
odicity and atomic lattice constant obtained for phase I by LEED is 25.24(0.67)Å
and 3.248(0.023)Å, respectively, which is in agreement with the experimental values
for the octahedral (1T) polymorph of bulk crystalline VS2

126,127 and does not match
with any other V1+xS2 compound of which we are aware in the literature (fig. 4.2).
Even if neither STM nor LEED can distinguish between the 1H and 1T, the combined
results point to a possible 1T or 1H configuration for phase I. Note that bulk VS2

is synthesized exclusively in the octahedral (1T) configuration126,127 and therefore a
1T configuration might be also expected in SL films. However, SL TaS2 on Au(111)
grows in the trigonal prismatic coordination whereas the bulk parent compound is
synthesized in the octahedral coordination2,144. An analogue 1T to 1H transforma-
tion cannot be excluded for V1+xS2. Furthermore, the simultaneous imaging of the
Au(111) and phase I diffraction spots reveals that the hexagonal surface lattice of
the substrate is well aligned with the hexagonal lattice of the adlayer. Three very
weak diffraction lines which are marked by black arrows in fig. 4.6(a) are visible at
closer inspection. The weaker diffraction lines can be presumably ascribed to domain
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Figure 4.6: Evolution of the crystal morphology of SL V1+xS2 on Au(111) by anneal-
ing in UHV. The different phases of V1+xS2 and the respective transition
temperatures are indicated in the panels. LEED images acquired with a
kinetic energy of 92.8 eV at 35K of (a) phase I, (b) intermediate phase I-
II, (c) phase II, (d) intermediate phase II-III and (e) phase III. The black
arrows mark weaker diffraction lines, the red circles diffraction spots of
enhanced intensity. For phase I (ph I) and phase II (ph II) the reciprocal
lattice vectors of the hexagonal surface lattice for Au(111) and V1+xS2 are
indicated by yellow and green arrows, respectively. For phase III (ph III)
the rectangular reciprocal unit cell vectors for the three orientations are
marked by green, blue and pink arrows, respectively.

boundaries or dislocation boundaries oriented perpendicular to the diffraction lines.

Annealing in UHV to 400◦C leads to the transition from phase I to phase II. The
simultaneous existence of phase I and II results in a diffraction pattern which contains
contributions from both phases as seen in fig. 4.6(b). Besides the moiré pattern of
phase I, three additional spots with an enhanced intensity are arranged around each
main V1+xS2 diffraction spot (marked with red circles). Furthermore, the above-
mentioned three diffraction lines are enhanced in intensity, suggesting an increase of
possible domain boundaries or dislocation boundaries on the sample (diffraction lines
are marked with black arrows in the LEED panel).

Annealing to 450◦C results in the full transition to phase II as seen in fig. 4.6(c).
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The signature of the LEED for phase II is hexagonally arranged weak main spots
(marked with green arrow) each accompanied by three strongly enhanced (marked by
red circles) and three rather suppressed first order moiré spots. It is surprising that
three spots of the moiré pattern are very enhanced in intensity, while the remaining
moiré and the main diffraction spots are marginal. Indeed, one could argue that
the three enhanced diffraction spots are the actual main spots surrounded by weaker
moiré satellites. A similar LEED pattern could presumably be constructed with, for
example, three distorted and slightly rotated hexagonal domains. However, we find
strong indications that the three enhanced spots are a result from moiré satellites:
A small distortion or rotation of the hexagonal adlayer with respect to the substrate
should result in a visible change in the hexagonal moiré pattern, similar to what
has been previously observed with STM in the case for graphene grown on different
substrates145,146. The observed moiré pattern in STM for phase II (fig. 4.4(c)),
however, exhibits a well defined hexagonal moiré without distortions or variations
in the moiré periodicity, suggesting an undistorted and well aligned adlayer on the
substrate. Furthermore, the LEED spots of the Au(111) substrate are coincident with
one of the enhanced diffraction spots which is a typical signature of a moiré satellite
spot (fig. 4.6(c)).

The moiré periodicity and atomic lattice constant obtained for phase II by LEED
are 23.60(0.52)Å and 3.332(0.035)Å, respectively; this atomic lattice constant is com-
parable with the experimental lattice parameter of the octahedral (1T) polymorph
of bulk VS2

126,127. With respect to phase I the lattice constant slightly increases by
around 0.08Å upon the transition to phase II. A similar phenomenon was observed
previously in bulk 1T-V1+xS2, where the loss of S and the formation of interstitial
V in the van der Waals gaps between the sandwich layers is accompanied by a small
increase in the lattice constant126,127. A similar process might also occur during the
annealing of the SL: at elevated temperature S presumably desorbs from the mate-
rial and leads to the formation of interstitial V between the Au(111) substrate and
the adlayer, leading to a small increase of the lattice constant. Moreover, the three
diffraction lines are still observable and stronger in intensity compared to phase I,
suggesting that the possible domain boundaries or dislocation boundaries are more
pronounced in phase II (marked with black arrows in LEED panel).

Annealing in UHV to 500◦C leads to the transition from phase II to phase III.
As seen in fig. 4.6(d) the coexistence of the two phases results in an overall blurry
diffraction pattern. While the three intense moiré spots are still visible, they appear
washed out and weaker in intensity, and the low intensity moiré spots vanish in the
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background. Although the observed STM image in fig. 4.4(d) exhibits already clear
stripe features, contributions from phase III in the LEED are not clearly observable,
probably as a result of disorder within the structure.

The complete transition to phase III is seen after annealing in UHV to 550◦C
(fig. 4.6(e)). The LEED data for phase III exhibit a rather complicated diffraction
pattern which at first resembles a hexagonal reciprocal lattice with Christmas-tree-
like moiré satellite spots. However, this interpretation is not correct, as the STM
data exhibit a 9.1Å × 3.4Å rectangular unit cell grown in three rotational domains
on Au(111). Taking into account the rectangular symmetry of the superstructure and
the lattice constant for phase III obtained by STM, the LEED pattern for phase III
can be constructed: fig. 4.7(a) shows the LEED pattern of phase III acquired at the
same conditions as in fig. 4.6(e) superimposed with the reciprocal lattice vectors of
the three rotational domains marked by green, blue and pink arrows, respectively. In
the next step the rectangular reciprocal lattices of the three rotational domains (blue,
pink and green lines) are constructed and the diffraction spots expected from STM
for phase III, along with the spots for Au(111) obtained from LEED, are marked
with the correspondingly colored circles as shown in fig. 4.7(b). In fig. 4.7(c), the
reciprocal lattice grid of fig. 4.7(b) is removed and each diffraction spot can be
assigned to the corresponding domains. We have an overall good agreement between
the experimental LEED pattern and the constructed diffraction spots. The diffraction
spots can now be assigned to the corresponding rotational domains and the lattice
constants for phase III can be determined to 9.108(0.031)Å and 3.278(0.025)Å, which
is in agreement with the STM measurements.

A possible explanation for the drastic change in crystal morphology from phase II
to phase III is found in previous results concerning bulk V1+xS2: As already men-
tioned above, Ref.126 and Ref.127 show that desulfidation upon annealing of bulk
1T-VS2 is accompanied by a slight increase of the lattice parameters. A total S
depletion of around 20% (equivalent to x = 0.25) leads further to the ordering of
interstitial V which induces a transition from the octahedral 1T coordination to the
monoclinic V5S8 (fig. 4.2). In the case of the SL a more elevated temperature might
result in a further S desorption until the hexagonal lattice configuration cannot be
retained and a second phase change is introduced, although not necessarily that which
is seen in the bulk. If we would assume that phase I is stoichiometric VS2, then a
topographic image similar to that in fig. 4.5(b) is obtained, if around 50% of the top
S have to desorb compared to the hypothetical SL 1T-VS2. If, further, we assume
that the majority of S loss during annealing is from the non-interfacial (top) S layer
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Figure 4.7: Explanation of the LEED pattern of phase III acquired at a kinetic energy
of 92.8 eV and at a temperature of 35K. (a) Same LEED image as in fig.
4.6(e). Green, blue and pink arrows indicate the reciprocal lattice vec-
tors of the three rotational domains, and the yellow arrow the reciprocal
surface lattice vector of Au(111). (b) The colored rectangles indicate the
reciprocal unit cells of the three rotational domains, with the colors cor-
responding to those in panel (a). The diameter of the colored reciprocal
unit cells are based on STM data. The colored circles show the predicted
LEED spots for each domain and for the Au(111) substrate. (c) Iden-
tical to panel (b), but with the schematics of the rectangular reciprocal
unit cells removed, to show more clearly the good agreement between the
calculated and observed spots.

– implying that the underlying V and S layers remain more or less intact – then one
can estimate the lower limit of the total S lost from 1T-VS2 to phase III to around
25%, which is comparable to the bulk 1T-V1+xS2 transition threshold of 20%.

The experimental results point to the possibility that the phase transformations
are caused by desulfidation upon annealing. A direct way to address the S loss in
our experimental setup is not possible. However, an indirect way to demonstrate
the effect of S on SL V1+xS2 is to anneal the supposedly most deficient S phase III
in H2S atmosphere in order to reverse the phase transformation. As each phase of
V1+xS2 can fast and clearly be assigned by the diffraction pattern, LEED is used to
obtain structural information about the phase. Note that the reversibility experiment
was performed at the SuperESCA beamline at Elettra Sincrotrone Trieste and the
samples were synthesized with the H2S-filament method. Furthermore, it is important
to mention that the temperature was measured on the front of the sample next to the
Au(111) crystal (SGM3 endstation and the STM-chamber: the back of the sample).
Therefore, the measured transition temperature values might differ compared to the
SGM3 endstation and the STM-chamber ones. A phase III sample was located at
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Figure 4.8: Reversibility of the three phases of SL V1+xS2 shown by the evolution of
the LEED pattern. The corresponding V1+xS2 phases are indicated in the
panels: (a) phase III, (b) phase II and (c) phase I. Annealing temperature
and the pressure in the UHV chamber for the corresponding phase trans-
formation is shown in the figure. The white inset shows the magnified
part around the diffraction spots. Data acquired at room temperature at
a kinetic energy of 93 eV at the SuperESCA beamline.

1mm distance to the H2S nozzle to create high local S pressure on the sample surface
and simultaneously annealed in order to reverse the phase transformations.

The transformation cycle of phase III to phase I upon annealing in H2S atmo-
sphere is shown in fig. 4.8. Fig. 4.8(a) shows the characteristic phase III LEED
pattern, which transforms into a well-defined phase II diffraction pattern at a H2S
background pressure of 8.5× 10−5 mbar and an annealing temperature of 250◦C (fig.
4.8(b)). For a further transformation to phase I, both the H2S background pressure
and the temperature have to be increased, suggesting a more difficult integration of
the S atoms in the V1+xS2 SL (fig. 4.8(b) and (c)). The resulting LEED image in
fig. 4.8(c) exhibits the typical phase I moiré pattern. The full reversibility by anneal-
ing in an H2S atmosphere underlines the importance of S in each phase transition
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(a) (d)(c)(b)0.10 ML 0.30 ML 0.70 ML 1.40 ML

Figure 4.9: Evolution of the LEED pattern for phase III at different coverages of
around (a) 0.10ML, (b) 0.30ML, (c) 0.70ML and (d) 1.40ML, respec-
tively. Data are taken with a kinetic energy of 92.8 eV and at a tem-
perature of 35K. The white inset shows the magnified part around the
diffraction spots.

and supports our hypothesis that phase II and phase III are S deficient compared to
phase I.

The evolution of the diffraction pattern for different V1+xS2 coverages can be
followed by LEED, as shown for phase III in fig. 4.9. For a coverage of around
0.10ML (fig. 4.9(a)) the sharp diffraction spots forming the characteristic LEED
pattern of phase III are accompanied by the hexagonal diffraction spots of Au(111).
The moiré satellite spots of the herringbone reconstruction are clearly visible at low
coverage indicating a clean Au(111) surface as seen in fig. 2.7(b). While a coverage of
around 0.30ML in fig. 4.9(b) leads to a noticeable suppression of the Au(111) moiré
spots, the diffraction spots of V1+xS2 show no considerable change. Further increase
of the coverage in fig. 4.9(c) results in an extinction of the Au(111) moiré satellites
and a perceivable increase in intensity of the V1+xS2 contributions. Exceeding the
SL limit results in a drastic change in the diffraction pattern as seen in 4.9(d). While
most of the typical phase III diffraction contributions vanish, a concentric hexagonal
pattern appears. The hexagonally symmetry in the newly appeared reciprocal lattice
is compatible with the interpretation that the second layer presumably grows as either
the 1T or 2H coordination; which would support the hypothesis that phase III is a
purely 2D phase.

While the different growth methods (H2S-evaporator, DMDS-evaporator and H2S-
filament method) do not influence the physical properties of the material, it can affect
the island size, island shape, preferred mirror domain growth and the overall quality
of the sample2,7, 41. In the case of SL TaS2 on Au(111) the growth method using
the H2S-evaporator results in the formation of triangular islands with two predomi-
nant orientations rotated by 60◦ with respect to each other, similar to what is seen
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(a) (b) (c)

(d) (e) (f)

phase I phase IIIphase II

Figure 4.10: Comparison of LEED pattern of V1+xS2 on Au(111) synthesized with
(a)-(c) the H2S-evaporator and (d)-(f) H2S-filament method, respec-
tively. Data were acquired with a kinetic energy of 80 eV at a tem-
perature of (a)-(c) 35K at the SGM3 endstation and (d)-(f) at room
temperature at the SuperESCA beamline. The phases corresponding to
the respective LEED patterns are indicated in the figure. The green
and red circles indicate LEED pattern with enhanced intensity and sup-
pressed intensity, respectively.

for phase I in fig. 4.4(a), while the H2S-filament method leads to the formation of
large islands of several hundreds of nm in diameter2. With respect to V1+xS2, in
the following discussion the H2S-evaporator and the H2S-filament synthesis methods
are compared concerning LEED, as seen in fig. 4.10. In LEED an uneven distribu-
tion of rotational domains is expected to affect the relative spot intensities, but not
to influence the diffraction pattern itself. In fig. 4.10(a)-(c) the LEED pattern for
the H2S-evaporator grown samples exhibit a clear 6-fold symmetry. In contrast, the
LEED pattern acquired at the same kinetic energy for the H2S-filament growth (fig.
4.10(d)-(f)) displays a three-fold symmetry, which suggests a non equal distribution of
V1+xS2 mirror domains. Only based on LEED, however, a firm statement about the
domain distribution is not feasible. In traditional ARPES, as used in this thesis, 60◦

rotated mirror domains would not affect the overall electronic structure. However,
a definite statement about the single orientation of V1+xS2 can be made with XPD,
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as will be seen below. Surprisingly, even for phase III a three-fold symmetry is ob-
served, as seen in fig. 4.10(f). A three-fold-like symmetry, as seen in fig. 4.10(f), for a
system which consists of two-fold symmetric unit cells in three rotational domains is
rather unusual and not expected. However, this fact may suggest that the three-fold
hexagonal character of phase II is presumably still present within the V layer and the
bottom S (S-Au interface) layer which are not visible by STM. In general the samples
synthesized with the H2S-filament method exhibit overall much sharper diffraction
spots compared to the H2S-evaporator method, indicating a general better quality of
the crystal structure and less domain boundaries7.

4.3.2 Structural Determination by XPS and XPD

The investigations with STM and LEED could already address several important
points for the structural understanding of the three V1+xS2 phases. However, XPS
and XPD can give complementary chemical and structural information to answer
several open questions about the crystal morphology. In the following three sections
the structures of phase I, II and III are determined.

Characterization with XPS

Fig. 4.11 shows the S 2p and V 3p core level spectra from each of the three phases. The
differences in the spectra are due to changes in the chemical environment related to the
phase transformations. The S 2p core level spectrum of phase I is shown in fig. 4.11(a).
The rather complex spectrum originates from two main phenomena: firstly, spin-orbit
(SO) coupling leads to the splitting of the S 2p peak into the spin split components
S 2p3/2 and S 2p1/2. Secondly, chemical shifts give rise to several different components.
This can be due to charge transfer to the interface S atoms, which can alter the
initial state binding energy, while screening effects from the valence band electrons
can alter the final state. In the case of SL TMDCs on Au(111) the interaction with
the substrate can lead to different S 2p components which can be assigned to the S-
Au(111) interface (bottom-layer) and the S-vacuum interface (top-layer), respectively.
Note that it is not possible to ascribe the S 2p core level peaks with certainty to
the corresponding bottom-layer and top-layer components a priori from the peak
positions, as this requires more detailed information about the underlying interactions
between the adlayer and the substrate. However, XPD can give information about the
location of the emitter atoms and was therefore used to assign each peak component
to the corresponding chemical environment of the S atoms. Firstly, we will briefly
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characterize the XPS and XPD data before a detailed discussion about the XPS and
XPD results is given in section “Discussion of XPS and XPD Data”.

The XPS spectrum for the S 2p core level of phase I is shown in fig.
4.11(a). Four spin-orbit doublets can be identified, with the 2p3/2 components cen-
tered at 160.65(0.02) eV (red), 161.07(0.02) eV (orange), 161.36(0.02) eV (green) and
163.26(0.05) eV (blue) each with a spin-orbit split replica at 1.20(0.04) eV higher bind-
ing energy147.

Upon transformation to phase II (fig. 4.11(b)) no significant peak shift occurs: the
2p3/2 components are now centered at 160.66(0.02) eV (red), 161.11(0.02) eV (orange),
161.39(0.02) eV (green), and 163.52(0.05) eV (blue) and all the doublets manifest a
SO splitting of 1.20(0.04) eV. The stability of the peak positions suggests solely minor
changes in the chemical environment of the S atoms.

In fig. 4.11(c), corresponding to phase III, the red 2p3/2 component exhibits a
small shift to higher binding energy (160.74(0.02) eV), and the intensity is significantly
reduced, while the intensity of the green component is drastically enhanced, suggesting
a more significant change in the crystal structure. Indeed, as described above, a
significant structural change is seen in this phase by STM and LEED. The orange
and green 2p3/2 components are now centered at 161.05(0.02) eV and 161.41(0.02) eV.
The spin-orbit splitting of 1.19(0.04) eV is in agreement with the splitting of phase I
and II.

All components in the S 2p spectra (fig. 4.11(a)-(c)) are fitted with Doniach-
Šunjić functions35 and a Shirley background36. As the chemical environment is ex-
pected to have only marginal influence on the core hole life-time, the same Lorentzian
line shape is used within one phase for all S 2p3/2 components; the same is assumed
for the S 2p1/2 components. To improve fit reliability the Gaussian broadening of the
green and orange components are constrained to be equal. The asymmetric factor
αDS of the Doniach-Šunjić function depends mainly on the local density of states
at the Fermi energy around the photoemitting species, and therefore αDS was con-
strained to be the same for corresponding spin-split components. No restriction on
the ratio of the spin-split components intensity 2p1/2/2p3/2 was given. However, the
obtained ratio of around 0.5 for all corresponding spin-split component intensities
satisfies the multiplicity relationship, neglecting diffraction effects.

The V 3p spectrum for phase I (fig. 4.11(d)) consists of three peaks (pink, pur-
ple and grey) centered around 37.32(0.03) eV (pink), 38.48(0.04) eV (purple), and
40.10(0.06) eV (grey). The splitting of around 1.16 eV and 2.78 eV with respect to
the lowest binding energy component (pink) excludes the possibility of this being the
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Figure 4.11: XPS spectra of the three phases of V1+xS2 acquired at normal emission
and room temperature. The red circles represent the data points, the
solid black line the fit and the solid dark blue line the background. Left
side: XPS spectra for the spin-split S 2p1/2 and 2p3/2 core level states
for (a) phase I, (b) phase II and (c) phase III acquired at a photon
energy of 260 eV. The peaks are color-coded to indicate the emitter atom
from which each core level state derives (see text section “Discussion
of the XPS and XPD Data” for discussion): red peaks originate from
top-layer S atoms, orange and green from bottom-layer S and the blue
peaks are assigned to unordered sulfided species. For same colored peaks:
the S 2p3/2 spin split component is the peak at lower binding energy.
Right side: XPS spectra for the V 3p state for (d) phase I, (e) phase II
and (f) phase III acquired at a photon energy of 170 eV. The different
components in the V spectrum are indicated in pink, purple and grey
(discussion in section “Discussion of the XPS and XPD Data”).
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SO-splitting in V 3p, which is much smaller148. As seen in fig. 4.11(d)-(f), a shift
of the pink, purple and grey component of around 0.04 eV, 0.4 eV and 0.5 eV down in
binding energy, respectively, is visible upon the transition to phase III. The change in
relative intensity between the purple and pink component from phase II to phase III
suggests a more significant change in the chemical environment.

A satisfying fit for the V spectra was obtained with three Doniach-Šunjić functions
and a linear background. However, the V 3p is well known for its complex structure
due to final states effects148–151. Therefore, a quantitative meaning of the line-shape
or the position of the V 3p can not be given. In case of the V 3p spectra, the fitted
components are solely used to reliably obtain a measurement of the photoemission
intensity.

Characterization with XPD

The determination of the crystal structure of V1+xS2 based on techniques as STM
and LEED is rather problematic because of the layered structure, structural flexibility,
and complexity of the material. XPD measurements, however, can lift these restraints
and can distinguish between the 1T or 1H configurations of TMDCs. In fact, it is
even possible to develop new structural models for unknown SL materials based on
the diffraction pattern as we will see in the following. However, several technical
details need to be considered to take full advantage of this powerful technique.

For example, the choice of the photon energy is crucial, as the kinetic energy of the
photoelectrons defines the preferred scattering events: for photoelectron kinetic ener-
gies higher than 150 eV, forward scattering prevails, and backscattering is suppressed.
By contrast, at lower kinetic energies, forward scattering is suppressed and backscat-
tering is enhanced. Therefore, we used a high photon energy for XPD measurements
pertaining to the bottom-layer S atoms and for V, from which we wanted to obtain
data primarily resulting from forward scattering processes involving the top-layer S
and V while simultaneously suppressing the influence of the Au(111) substrate on the
XPD pattern. On the contrary, a low photon energy backscattering regime was used
for probing the top-layer S atoms.

In order to interpret XPD data, simulations were made using the EDAC pack-
age46. In the following, simulations are shown in grey-scale while measurements are
shown in an orange-color scale superimposed on the simulations as seen in fig. 4.12. To
compare the experimental XPD patterns quantitatively with the simulated data, the
so called reliability-factor (R-factor) is computed which contains information about
the general agreement of experimental and simulated data. The R-factor is defined
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as a mean-square deviation (χ2) of the experimental χex and theoretical modulation
function χth (see equation 2.20) and can be calculated as:

R =
∑

(χth − χex)2/
∑

(χ2
th + χ2

ex), (4.1)

where R can have values between 0 and 2, with 0 corresponds to perfect agreement, a
value of 1 to uncorrelated data, and a value of 2 to anti-correlated data45. In our case
a value ≤ 0.3 is considered as an acceptance threshold. For all three phases several
lattice constants and different crystal structures were used until the best agreement
between the experimental and simulated data was obtained: the final structure is
determined by minimizing the R-factor. The obtained R-factors for the presented
data and simulations are noted in the corresponding panels in fig. 4.12.

In the simulations the substrate was neglected. This neglect is motivated by
requirements of computational feasibility, but is justified physically: a multitude of
adsorption sites can exist when, as here, the lattice mismatch leads to a supercell,
in which a variety of relationships exist between the atomic positions of the emitter
atoms and of the substrate that tend to average out the effect on the diffraction
pattern. Moreover, because we are able to enhance forward scattering at the expense
of backscattering by the choice of photon energies, we minimize the impact of the
substrate on the measurements of the bottom-layer S and the V layers, which would
presumably be most affected by its proximity. As we see in the next section, the
assumed simplification appears to be confirmed by the excellent agreement obtained
between the XPD simulations and the XPD data.

In order to demonstrate the possibilities of XPD, EDAC simulations (grey discs)
under the same conditions for 1H- and 1T-VS2 are performed. As we can see in
fig. 4.12, it is possible to unequivocally assign top- and bottom-layer S atoms to the
corresponding diffraction pattern. The bottom S 2p3/2 simulations for the 1H and
1T configurations can be instantly distinguished (fig. 4.12(a) and (e)). However, the
XPD simulations for 1H and 1T V 3p and top S 2p3/2 look similar (fig. 4.12(b)-
(c) and (f)-(g)). This can be explained by the fact that forward-scattered electrons
emitted from the bottom S atoms face a totally different scattering environment in 1H
versus 1T layers, as can be seen in the ball models in fig. 4.12(d) and (h). Forward-
scattered V 3p photoelectrons, however, show an identical local arrangement of top
S atoms in 1H and 1T configurations, and therefore the resulting XPD patterns are
very similar; the same argument applies for backscattered top S 2p3/2 photoelectrons.
The small differences in the 1H and 1T V 3p simulations stem from a contribution
of partly backscattered electrons that see the bottom S layer and also from multiply
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scattering events. In the case of the top S 2p3/2 simulations, the electrons of 1H and
1T are identically backscattered by the V layer, and the smaller contributions from
the differently arranged bottom S layer leads to only very small differences between
the 1H and 1T simulations. However, major differences in the diffraction pattern for
the respective bottom-layer S 2p3/2 core level allow to directly identify the 1H and
1T configuration with XPD.

Discussion of the XPS and XPD Data

In order to interpret XPD data, the experimental and simulated diffraction pattern
have to be quantitatively compared. Note that for the following XPD analysis only
the S 2p3/2 and the pink V 3p component are considered as these peaks show the
clearest intensity modulation for photoelectrons stemming from the same chemical
environment. Fig. 4.12(e)-(g) show the experimental XPD pattern for phase I super-
imposed on the XPD simulation of 1T-VS2. All three diffraction patterns obtained
from phase I show excellent agreement with simulations of an idealized 1T single rota-
tional domain. The poor visible agreement between the 1H simulation of bottom-layer
S 2p3/2 rules out the possibility that phase I is the 1H coordination. Note that the
distinct three-fold symmetry and the excellent agreement of the simulation and the
experiment in all phase I XPD patterns points to the possibility of a preferred single-
domain orientation of phase I with high structural quality. The S 2p3/2 and V 3p core
level components in the XPS spectra in fig. 4.11 can be unequivocally assigned to
the emitter atoms by the XPD patterns and the corresponding XPD simulations, as
indicated by the colored circles and small arrows in fig. 4.12. In the case of S 2p3/2,
the red component can be ascribed to the top-layer S atoms, and the green one to the
bottom-layer S atoms. The similar XPD pattern for the orange and green component
(fig. 4.13(a) and (b)) indicate that the corresponding photoelectrons both stem from
bottom-layer S atoms. The splitting of 0.29(0.03) eV between the orange and green
peak is presumably explainable with the presence of the moiré structure observed in
the V1+xS2 phases: different contributions of interaction strengths between the bot-
tom S layer and the Au(111) substrate leading to a great number of small core level
contributions shifted in binding energy and forming together a “weak” and “strong”
interacting main peak, similar to what has been observed in previous studies of epi-
taxial graphene on transition metal surfaces152. Note that the direct identification
of the weak and strong interacting components is not possible even with XPD. A
lower-intensity S 2p3/2 component at 163.26(0.05) eV is indicated in blue and does
not show any modulation in the XPD pattern. This, together with the big shift on
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Figure 4.12: Overview of the XPD data for the three phases of V1+xS2. Top row:
XPD simulations for 1H-VS2 (a) bottom-layer S 2p3/2, (b) V 3p and
(c) top-layer S 2p3/2 simulated for kinetic energies of 239 eV, 233 eV and
109 eV, respectively. (d) Crystal lattice used for the simulation in (a)-(c)
with the lattice constants noted in the panel. Second row: stereographic
projections of the modulation function for phase I for (e) bottom-layer
S 2p3/2, (f) V 3p and (g) top-layer S 2p3/2 taken at a photon energy of
400 eV, 270 eV and 270 eV, corresponding to a kinetic energy of 239 eV,
233 eV and 109 eV, respectively. The orange colored sectors are the ex-
perimental data and the grey discs are the XPD simulations for 1T-VS2.
The colored circles in each panel mark the corresponding colored peak
in fig. 4.11 used for XPD and the corresponding color coded arrows in
the ball model side view indicate the corresponding emitter atoms. The
number in each panel refers to the obtained R-factor. (h) Crystal lattice
used for the simulations in (e)-(g) with the lattice constants noted in the
panel. Third row: (i)-(h) corresponding stereographic projections of the
modulation function for phase II with the used lattice for the simula-
tions shown in (l) and the lattice constants noted in the panel. Bottom
row: (m)-(o) corresponding stereographic projections of the modulation
function for phase III with the used lattice for the simulations shown in
(p) and lattice constants noted in the panel. In the case of phase III only
one of the three domains is illustrated in (p), but the three orientations
were included in the simulations.
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Figure 4.13: Stereographic projections of the modulation function for phase I. The

colored circles in each panel mark the corresponding peak component in
fig. 4.11. For the bottom-layer S 2p3/2 core levels: (a) green component
and (b) orange component in fig. 4.11(a). And for V 3p core levels: (c)
grey, (d) purple and (e) pink component in fig. 4.11(d). Acquired at a
photon energy of 400 eV for S 2p and 270 eV for V 3p.

binding energy and the large peak width of the blue component points to a small
amount of unordered sulfided species on the surface.

In the case of V, the existence of three distinct V 3p components would naïvely
suggest the presence of V in different chemical environments. However, as mentioned
above, the V 3p is well known for its complex structure due to final state effects and
furthermore all three peaks exhibit a similar XPD pattern as seen in fig. 4.13(c)-(e),
which indicates that they stem from the same chemical environment. A similar V 3p
triplet structure with two broad peaks and one more defined peak has been previously
observed on vanadium sesquioxide (V2O3), where the more defined peak at lower
binding energy (here pink) was ascribed to a shake-down satellite of the second peak
(here purple)149–151. The very broad component at higher binding energy (grey) is
presumably attributed to secondary energy losses of the photoelectrons or excitation
of plasmons resulting in shake-up satellites34,148. Due to the complex structure of the
V 3p core level, a quantitative analysis of the line-shape or the position of the V 3p
components upon the phase transition will not be performed.

The XPD data for phase II, fig. 4.12(i)-(k), sustain all main features seen for
phase I (fig. 4.12(e)-(g)), with only minor changes observable. The best agreement
between XPD measurements and simulation is again found for a single-domain ori-
entation of the 1T coordination, but with slightly increased lattice constant (fig.
4.12(l)) similar to what has been observed in LEED. This result supports the finding
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of Ref.127 that S depletion in the bulk is accompanied by a small increase of the lat-
tice constant that nevertheless preserves the 1T configuration. Indeed, it is tempting
to make a statement about phase-transformation-induced S loss, using as a basis the
change in the relative peak intensities from panels (a) to (b) in fig. 4.11. However,
such a statement would be tenuous, since photoemission intensity is influenced not
only by stoichiometry, but also by the fact that photoelectrons experience scattering
processes that modulate the core level intensity as a result of changes in the crystal
structure. Note that the relative intensity of the blue contamination component in-
creases, which is attributed in this case to an annealing step in H2S atmosphere6. It
worth mentioning that the V spectra should show an additional component for the
presumably formed interstitial V upon the phase transition. However, in our case
this peak cannot be directly observed due to the very broad and partly overlapping
V peaks. Therefore, we cannot totally exclude the formation of interstitial V already
in phase I and we still refer to phase I as 1T-V1+xS2 and not as the stoichiometric
1T-VS2.

The lattice structure of phase III is not compatible with any known bulk V1+xS2

compound as shown by the STM and LEED results. It is worth mentioning that due
to the up-down modulation of the top S atoms (observed in fig. 4.5(b) and (c)), a
splitting of the red core level component might be expected. However, the effect on
the core level seems marginal, and therefore the top-down modulating S atoms were
fitted as one peak. The intensity of the bottom S component (green) is enhanced and
shows no significant shift, while the orange 2p3/2 component has shifted slightly to
161.05(0.02) eV. However, as the weak and strong interacting bottom S peaks consist
of a contribution of a great number of small components, a statement about the
change in the chemical environment solely based on the core level shift would not be
accurate. The intensity of the blue component located at 163.47(0.05) eV is reduced,
as might be expected simply as a result of the desorption of the unordered sulfided
species at elevated temperatures.

Regarding phase III, a structural model needs to be identified by finding the
structural parameters that simulate the observed XPD data the best. The structure
must, furthermore, be consistent with STM and LEED data which means it must
possess a rectangular 9.1Å × 3.28Å surface unit cell (from LEED) and exhibit up-
down modulations of the top S along the direction of the longer side of the unit cell,

6As the annealing temperature was too high during the phase I to II transforma-
tion, phase III was unintentionally obtained. Therefore, the phase transition cycle for
XPS and XPD has been phase I to phase III to phase II.
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and must be obtainable by a plausible phase transition (involving S loss) from the
known structure of phase II (fig. 4.12(l)). The simulation must also be optimized to
agree with the XPD measurements. The resulting structure is shown in fig. 4.12(p).
To form such a structure, every second top S line in the 〈112̄2〉 direction of phase II
has to desorb and the remaining top S rearrange to obtain the required rectangular
unit cell. The positions of the hexagonally arranged V and bottom S atoms have to
be adjusted as well, as shown in the figure, with the V atoms forming zig-zag wires.
Note that the coordination of the V atoms remained “octahedral-like” in phase III as
suggested by the similarity of the experimental XPD data of phase III with phase I
and II (fig. 4.12). Furthermore, we have to consider that XPD, similar to ARPES, is a
space averaging technique that considers all intensity contributions within the beam-
spot. Therefore, the simulations which are shown in grey-scale in panels (m)-(o),
account for three domains rotated by 0, 120◦ and 240◦, in accordance with STM and
LEED observations. It should be mentioned that the different contributions of the
three rotational domains lead to the three-fold symmetry observed in XPD, suggesting
minor changes in the structure in the V layer and the bottom-layer S atoms as also
seen in the model structure in fig. 4.12(p). In general we find a qualitative and
quantitative agreement between the simulated XPD pattern and the experimental
XPD data, suggesting that the proposed crystal structure for phase III is indeed close
to the actual crystal morphology.

4.4 Electronic Structure of Single Layer V1+xS2

on Au(111)

Finally, we compare the effect of the phase transitions on the electronic structure of
the SL phases. Before performing ARPES measurements, we confirmed the struc-
tural phase of each sample using LEED. Note that for all phases a photon energy of
94 eV was chosen to enable a direct comparison of the electronic structures without
interference of the photon energy dependent matrix element effects. We note that
the data presented in this section were all acquired from samples with partial mono-
layer coverage (around 0.7ML), with considerable clean Au(111) exposed in between
the single layer islands. Furthermore, a cleaning of the sample by annealing was not
possible before measurements of the phase I structure, as the elevated temperature
would induce a phase transformation. Therefore, it is expected that the electronic
structure of phase I might be appear broader due to additional secondary scattering
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effects.

The ARPES data of phase I in fig. 4.14(a) and (b) show the photoemission inten-
sity along constant energy contours at different binding energies, together with the
high symmetry cut in the M̄ Γ̄K̄M̄ directions, respectively. The BZ of SL phase I
is marked by green dashed lines. The photoemission data reveals both Au(111) fea-
tures153 and additional features that can be assigned to the SL. Apart from the
hexagonal-looking bulk Au sp states near the edge of the BZ, phase I exhibits a Fermi
contour consisting of a round feature around Γ̄ and a flower-like pattern consisting of
six elongated petal-shaped electron pockets centered around M̄ . Comparison of the
measurements with Fermi surfaces calculated from DFT in fig. 4.3(a) and (b) support
the identification by XPD of the crystal structures as 1T and derivatives therefrom:
The calculation of the 1T Fermi surface (fig. 4.3(b)) shows a flower-like structure
with petals radiating toward M̄ , similar to the measurements, while the calculation
for 1H (fig. 4.3(a)) manifests an entirely dissimilar hexagonal contour around the BZ
center and double rounded-triangles at the K̄ points. The band crossings through
the Fermi surface immediately establish the metallic nature of phase I. As seen in the
high symmetry cut in fig. 4.14(b) the photoemission features are broad, a fact which
remains to be understood but is likely due to a combination of factors including ad-
sorbates on the surface, possible occurrence of strongly correlated electronic states in
this system118–120 and interaction of the V1+xS2 states with the projected bulk band
structure of Au(111)154. Additional challenges arise due to the presence of the intense
Au sp bands, although the photon energy was chosen to simultaneously enhance the
features of interest and suppress the Au sp states to the greatest degree possible. Note
that the Au(111) surface state (SS) is not clearly visible in the photoemission spectra
which indicates a great number of adsorbates on the surface.

ARPES measurements of phase II (fig. 4.14(c) and (d)) show a strong similarity
to those of phase I. All the characteristic photoemission features observable in phase I
can also be identified in phase II, including the round feature near Γ̄ originating from
an electron pocket and the flower-like pattern consisting of six elongated petal-shaped
electron pockets centered around M̄ . This finding is consistent with the observations
from LEED, STM and XPD that for phase II the 1T configuration is preserved, with
a slight expansion of the 2D lattice. Note that such a small variation in the lattice
constant is not perceptible in the photoemission data, particularly in view of the
rather broad and poorly defined bands; however, the 1T character of the electronic
band structure of phase II is clearly observable. Moreover, the Au(111) SS is better
visible but still not clearly observable suggesting a partial desorption of contaminants
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Figure 4.14: Comparison of the ARPES data for phase I and II on Au(111). Acquired
at a photon energy of 94 eV and a temperature of 35K. (a) Photoemission
intensity along constant energy contours for different binding energies for
phase I. The green dashed hexagon marks the BZ for phase I. The high
symmetry points are labeled in the panel. (b) Photoemission intensity
along the M̄ Γ̄K̄M̄ directions for phase I. The dashed yellow lines indicate
the projected bulk band gaps (PBG) of Au(111). The red solid lines
mark the binding energies used for the constant energy contours in (a).
(c) Photoemission intensity along constant energy contours for different
binding energies for phase II and (d) photoemission intensity along the
M̄ Γ̄K̄M̄ directions for phase II. The green dashed hexagon marks the
BZ for phase II.

upon annealing.

Lastly, the electronic structure of SL phase III is studied. Fig. 4.15(a) and (b)
show the ARPES data of phase III with the photoemission intensity along constant
energy contours at different binding energies, together with the high symmetry cut
along the Ȳ Γ̄R̄X̄Γ̄ directions, respectively. An important point to address is that
ARPES probes simultaneously all three domains of phase III within the beam spot
dimension (200 µm × 50 µm) and therefore the photoemission intensity acquired for
phase III is in fact an incoherent superposition of the intensities of three coexisting
rotational domains. The BZs for each domain has been constructed based on the unit
cell parameter obtained from LEED and STM, and these are marked in fig. 4.15(a)
in green, pink and blue, respectively. In the case of phase III, the main photoemission
features of the constant energy cut at the Fermi level are an enhanced intensity
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Figure 4.15: (a) Photoemission intensity along constant energy contours for different
binding energies for phase III on Au(111). Acquired at a photon energy
of 94 eV and a temperature of 35K. The green, blue and pink rectangles
indicate the BZs for phase III and the yellow hexagon the BZ for Au(111).
The high symmetry points of phase III are labeled in the panel for the
green BZ domain. The purple rectangle marks the collection of the seven
circles (Christmas-tree-like feature). (b) Photoemission intensity along
the Ȳ Γ̄R̄X̄Γ̄ directions for phase III. The dashed yellow lines indicate the
Au(111) SS. The red solid lines mark the binding energies for constant
energy contours used in (a). (c)-(e) Magnified constant energy cuts of
the area marked with the purple rectangle from (a) (Christmas-tree-like
feature). The contrast is slightly saturated for a better observations of
the photoemission features. The binding energy of each constant energy
cut is marked in the corresponding panel.

around Γ̄ and a snowflake-like feature that appears, for the photon energies used
here, contained within the Au sp states. The high symmetry cut along the Ȳ Γ̄R̄X̄Γ̄

directions reveals furthermore that the round feature around the first Γ̄ originates from
two distinct electron pockets with minima at binding energies of around 0.12 eV and
0.45 eV. The electron pocket at higher binding energy can be ascribed to the Au(111)
SS153, whereas the electron pocket located closer to the Fermi level can be assigned to
an electronic feature of phase III. Furthermore, an unusual collection of seven circles
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forming a Christmas-tree-like feature (marked with a purple rectangle in fig. 4.15(a)
and better visible in fig. 4.15(c) magnified and with slightly saturated contrast) is
observable in the second Au(111) BZ. The constant energy cuts in fig. 4.15(c)-(e)
reveal that the seven circles consist of six shallow electron pockets and the Au(111)
SS in the second BZ (see fig. 4.15(a)). As we shall see below, this unusual features
can be qualitative explained by the three rotational domains of phase III. In order to
ascribe special photoemission features of phase III to a specific rotational domain the
electronic structure of a single-domain bulk sample (as in section 3.4) or theoretical
calculations are needed. As the crystal structure of phase III is, as far as we know,
not existent in bulk form, and the DFT-calculation could not be completed before
the hand-in of this thesis, a quantitative discussion of the photoemission features is
unfortunately not possible at the current time.

However, some of the observed photoemission features of the Fermi contour can
be qualitatively explained by constructing the Γ̄ point positions of higher order BZs
for the three rotational domains over the whole available k-space. Fig. 4.16(a) shows
the photoemission intensity from phase III integrated in a 120meV window around
the Fermi level in order to enhance the intensity of the Christmas-tree-like feature.
As the orientation of the Au(111) substrate with respect to the phase III domains is
known from LEED (fig. 4.7), higher order BZs for one single rotational domain (green
dashed lines) can be superimposed on the Fermi surface as shown in fig. 4.16(a), and
rotated to 120◦ and 240◦ to obtain fig. 4.16(b). By marking the Γ̄ points of all
constructed BZs with corresponding colored circles and subsequently deleting the
constructed BZs grids, the positions of the Γ̄ points of the three rotational domains
over the whole available k-space can be directly identified in the Fermi surface shown
in fig. 4.16(c). The agreement is excellent for the positions of the higher order Γ̄ points
coincident with the low intensity areas of the snowflake-like feature as well with the
center of the 7 circles forming the Christmas-tree-like structure. In consideration of
the fact that Γ̄ in the first BZ of phase III exhibits a round electron pocket feature the
formation of the Christmas-tree-like feature can be assigned to higher order Γ̄ points
from different domains of phase III together with the Γ̄ point of Au(111) (yellow
circle) in the second Au BZ as seen fig. 4.16(d), similar to what we observe in LEED
(fig. 4.16(e)). However, it is to point out that this qualitative analysis of the Fermi
surface does not explain all observable photoemission features, especially in the case
of the snowflake-like feature. Therefore, theoretical calculations are crucial for a more
detailed investigation of the electronic structure of phase III.
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Figure 4.16: Qualitative explanation of the phase III Fermi surface, acquired at a
photon energy of 94 eV and a temperature of 35K. (a) Photoemission in-
tensity of phase III on Au(111) integrated over a 120meV range around
the Fermi energy. The green rectangles and the yellow dashed hexagons
indicate the BZ of one of three rotational domains of phase III and
Au(111), respectively. The high symmetry points of phase III are la-
beled in the panels and marked with green circles. The yellow circles
correspond to the Γ̄ points of Au(111). (b) Same image as (a) but the
green, blue and pink rectangles indicate the BZs of the three rotational
domains of phase III. The colored circles (green, blue and pink) show
the Γ̄ points of the different domains of phase III. (c) Same image as
(a) but with the BZ grid removed in order to observe better the posi-
tions of the Γ̄ points. The purple rectangle marks the collection of the
seven circles (Christmas-tree-like feature). (d) Magnification of the pur-
ple rectangle (slightly saturated contrast) in (c) and compared with (e)
the magnification from LEED (fig. 4.7(c)).



Chapter 5. Conclusion and

Outlook

In this last chapter a short summary of the main results of this work are outlined, as
well as a brief outlook on experiments, particularly pertaining to the V1+xS2 project,
that are currently in progress or planned for the near future.

5.1 Summary
The work presented in this thesis can be divided into the following two main topics:
the synthesis of thin film ICs on a topological insulator, i.e. Bi2Se3 and Bi2Te3, and
the synthesis of SL V1+xS2 on Au(111). The crystal and electronic structure of the
films were investigated in detail, exploiting STM, LEED and ARPES techniques, and
in the case of SL V1+xS2 additionally with XPS and XPD. The experimental results
have been supported with theoretical band structure calculations and in the case of
XPD measurements, with simulations performed using the EDAC package46. The
results and conclusions that have been reached in each chapter are summarized here:

• Thin film FeSe on Bi2Se3: FeSe thin films with a thickness of 3-5 ML
were grown on Bi2Se3 in three rotational domains. Superconducting properties
have been observed in previous studies for monolayer FeSe23, however low
temperature STS shows no sign of a superconducting gap for any measured
layer thickness in FeSe thin films on Bi2Se3 at the temperature down to 5 K.
Photoemission measurements reveal a faint dumbbell-like feature at the M̄
point, which is associated with a similar feature of the non-superconducting
phase of 3 ML FeSe grown on SrTiO3

23. Two well defined coexisting topological
surface states are observable, which can be ascribed to the exposed Bi2Se3

substrate and to a strongly n-doped state at the FeSe/Bi2Se3 interface.
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• Thin film FeTe on Bi2Te3: The synthesis approach for thin film FeSe on
Bi2Se3 was successfully modified in order to grow a few layers of FeTe on
Bi2Te3. The main photoemission features of the bulk Fe1.08Te crystal and the
thin film exhibit close similarity to one another. The electronic band structure
of bulk Fe1.08Te are therefore utilized as a guide to disentangle the complex
photoemission features of the thin film. This approach solves the problem of
simultaneously probing the three rotational domains of the FeTe thin films. A
charge transfer from the FeTe adlayer to the substrate is indirectly observed as
a shift in the bands towards deeper binding energy of the substrate’s photoe-
mission features upon formation of the thin film. Intentional surface doping
with Rb atoms, however, results in an insignificant shift of the overall band
structure which can be assigned to the high density of states near the Fermi
level and is further supported by ab-initio calculations. The analysis tech-
niques developed for FeTe thin films on Bi2Te3 in this section can be adapted
for similar approaches to analyzing other multiple rotational domain systems.

• Single layer V1+xS2 on Au(111): A growth procedure for SL TMDCs
(WS2, MoS2 and TaS2) on Au(111) was successfully modified for the synthesis
of metallic V1+xS2 on Au(111). Two distinct phase transformations of the
as-grown layer were observed by simply annealing in UHV. Annealing in H2S
atmosphere, however, reversed the transformations, and this fact implicates
S loss as the trigger for the phase transformation. The complementary use
of several structural techniques allowed the development of a model structure
for each phase. The crystal morphology of the so-called phase I and phase II
were identified as the 1T coordination with slightly different lattice constants.
The crystal structure for phase III, however, exhibits a crystal morphology
different from that of any known V1+xS2 compound. The structural findings for
phase I and II are further supported by ARPES measurements and DFT band
structure calculations of free standing VS2. Phase III was found to exhibit three
rotational domains rotated by 0, 120◦ and 240◦ with respect to the Au(111)
substrate. In the presence of the three rotational domains of phase III a part
of the photoemission intensity at the Fermi level can be qualitative explained
by mirroring the feature at normal emission according to the higher order BZs.

With the surge of interest in TMDC research, SL V1+xS2 is a promising and
versatile material and this thesis has laid the groundwork to underpin a number of
exciting future experiments.
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We plan to explore phase III in greater detail because this structure appears to
only exist at the SL limit. The underlying processes which might stabilize phase III
might be for example confinement effects or substrate-adlayer interactions. To verify
this hypothesis, we plan to use a combination of STM, LEED and ARPES to look at
both the crystal structure and electronic structure of phase III on multiple substrates
and different thicknesses. The growth of SL V1+xS2 on graphene should minimize the
effect of the substrate and reveal if phase III can still be obtained or even another
structural morphology can be observed6. Furthermore, STM measurements of partly
bilayer phase III grown on Au(111) allow the simultaneously imaging of single and
bilayer islands and should reveal if the formation of the characteristic stripe pattern
is still observable at multiply layer thicknesses.

Another open question is whether to lift the Mermin-Wagner restriction in SL
V1+xS2 to introduce long-range ferromagnetic ordering in the 2D limit. The first test
measurements with a antiferromagnetic Cr-tip on phase III of V1+xS2, performed
by the group of Prof. Alexander Khajetoorians (Radboud University), point to the
possible existence of spin density waves or intrinsic magnetic order in the material.
However, this very preliminary result has to be investigated more carefully and addi-
tional measurements are planned for spin STM with an applied magnetic field.

The aim of this work was to understand some of the intriguing and remarkable
properties of the presented novel 2D transition metal chalcogenides. In the case of
ICs, the direct comparison of FeSe and FeTe near the 2D limit shows differences in
their electronic structures which might take us one step closer to understanding the
key ingredients for unconventional superconductivity. Single layer VS2, however, is
especially interesting due to its predicted 2D intrinsic magnetism. The ability to syn-
thesize SL V1+xS2 on Au(111) in three different phases and induce and reverse a phase
transition may be especially interesting in the light of controllable 2D magnetism in
this system. The properties of these novel 2D transition metal chalcogenides combined
with the ability to synthesize them in atomically thin layers make them especially in-
teresting for high-performance functional nanomaterials, spintronics application and
data storage systems, and therefore to a key element for the development of future
technologies.
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