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Abstract
In this thesis we present a series of experimental work exploring the electronic structure of
some materials with intriguing electronic properties: topological insulators and rare earth
diantimonides. Topological insulators (TI) are a newly discovered state of matter where, because of the unconventional topology of the band structure, spin-polarised states are found
at the surface [1–3]. These topological states are protected by the time reversal symmetry
of the system. Topological insulators are extensively studied for their exotic properties and
promising technological applications. We focus in this work on the prototypical topological
insulators Bi2 Te3 , Bi2 Te2 Se and Bi2 Se3 , utilizing angle resolved photoemission spectroscopy
(ARPES) as our principal experimental technique.
The combination of ARPES and ab initio calculations was used to map the bulk band
structure of Bi2 Te3 , where many-body eﬀects were found to be vital to its accurate description [4]. Secondly the surface properties of Bi2 Te2 Se and Bi2 Te3 were investigated under
surface modiﬁcation: a two dimensional electron gas (2DEG) with strong spin-orbit splitting is induced at the surface by local deposition of Rb, an electron donor. The dispersion
of the 2DEG is found to be seemingly at odds with standard models of Rashba splitting
for free electron states, possessing a strong anisotropy both in the dispersion and in the
momentum splitting. The observed dispersion is successfully modelled with an eﬀective
Rashba Hamiltonian with the inclusion of band structure eﬀects on the dispersion. The interplay between band structure and spin-orbit splitting can give rise to complex spin texture
and can be exploited to maximize spin-orbit splitting in the momentum direction, paving
the way to anisotropic spin transport phenomena [5]. The doping of the same surfaces
with magnetic adatoms Ni and Fe also reveals an n-doping eﬀect, but not the spectroscopic
evidence of broken time-reversal symmetry that might be expected for these systems. The
magnetisation was found to be out of the surface plane for the Fe adatoms, while the Ni
exhibits a quenched magnetic moment. Moreover we explore the electronic structure at the
interface between Bi2 Se3 and the two dimensional topological insulator candidate Bi-bilayer
by studying quasi-particle interference eﬀects (QPI) at the surface detected with scanning
tunnelling spectroscopy. We develop a semi-theoretical model to study the QPI pattern of
complex systems employing joint density of states simulations. We ﬁnd that the interface
electronic structure is a complex mixture of states from both Bi2 Se3 and Bi where a new
interface spin polarized Dirac state is created [6].
Finally we report the study of the electronic structure of the rare earth diantimonide
LaSb2 by ARPES and ab initio calculations. LaSb2 was found in previous works to possess
an exotic linear and non-saturating magnetoresistance as well as superconductivity [7, 8].
The investigated electronic structure reveals a semimetal character with uneven hole and
electron pockets. The key to the linear magnetoresistance might lie in strongly directional
Dirac-like bands with small carrier density found close to the Fermi level.
iii

Resumé
I denne afhandling vil vi præsentere en række eksperimentelle værker, som udforsker elektronisk struktur og egenskaber i materialer, hvor disse er af særlig interesse: topologiske insulatorer og sjældne jordartsdiantimoner. Topologiske insulatorer (TI) er en nyligt opdaget
tilstand, som visse materialer kan optræde i. Grundet deres ukonventionelle topologi i båndstrukturen kan man ﬁnde spin-polariserede tilstande på overﬂaden af disse materialer [1–3].
Disse tilstande er beskyttede af tid-omvendingssymmetrien i systemet. Topologiske insulatorer bliver studeret grundigt, da de har eksotiske egenskaber samt lovende teknologiske
anvendelsesmuligheder. Vi fokuserer her på de prototypiske topologiske insulatorer Bi2 Te3 ,
Bi2 Te2 Se og Bi2 Se3 , og vi bruger vinkelopløst photoemissionsspektroskopi (ARPES) som
vores primære eksperimentelle teknik.
En kombination af ARPES og ab initio beregninger er blevet brugt til at undersøge
båndstrukturen af den tredimensionelle tilstand af Bi2 Te3 , hvor mange-delseﬀekter viser
sig uvurderlige for en nøjagtig beskrivelse [4].
Desuden er overﬂade-egenskaberne for Bi2 Te2 Se og Bi2 Te3 blevet udforsket under overﬂade modiﬁkation: En todimensionel elektron gas (2DEG) med kraftig spin-orbit opsplitning induceres på overﬂaden ved aﬂejring af rubidium - en elektron donor. Spredningen af
2DEG’en synes umiddelbart at være i strid med standard modellen for Rashba opsplitning
for frie elektroniske tilstande, idet den udviser en kraftig anisotropi i såvel dispersion som
momentum opsplitning. Den observerede spredning kan med god præcision modelleres med
en eﬀektiv Rashba Hamilton operator, som inkluderer båndstrukturens eﬀekt på spredningen. Samspillet imellem båndstrukturen og spin-orbit opsplitning kan give ophav til komplekse spin teksture, og det kan udnyttes til at maksimere spin-orbit opsplitningen i retning
af momentumet. Dette fører til anisotropisk spin transport fænomener [5].
Doping af de samme overﬂader med magnetiske adatomer som nikkel og jern viser en
n-doping eﬀekt, men de forventede spektroskopiske eﬀekter, som forårsages af et brud på
tid-omvendingssymmetrien, ses ikke i disse systemer. Magnetiseringen blev påvist at være
vinkelret på overﬂaden for jern adatomerne, mens nikkels magnetiske moment dæmpes.
Yderligere udforsker vi den elektroniske struktur af grænseﬂaden imellem Bi2 Se3 og en
todimensionel topologisk insulator kandidat, et bismuth dobbelt lag, ved at studere quasipartikel interferens eﬀekter (QPI) ved overﬂaden ved brug af skanning tunneleringsspektroskopi. Vi har udviklet en semi-teoretisk model til studiet af QPI mønstret i komplekse
systemer, som benytter simuleringer bygget på fælles tæthed af tilstande. Vi ﬁnder, at
grænseﬂadens elektroniske struktur er en kompleks blanding af tilstande fra såvel Bi2 Se3
som bismuth, som tilsammen danner en ny interface spin-polariseret Dirac tilstand [6].
Slutteligt beskriver vi et studie af den elektroniske struktur af den sjældne jordartsdiantimon LaSb2 via ARPES og ab initio beregninger. Det er tidligere blevet vist, at
LaSb2 har en eksotisk lineær og umættelig magnetoresistans og superkonduktivitet. Den
v
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undersøgte elektroniske struktur afslører en semimetallisk karakter med ujævne huler og
elektronlommer [7, 8]. Nøglen til den lineære magnetoresistans skal måske ﬁndes i særdeles
retningsbestemte Dirac-lignende bånd med lav carrier tæthed, som ﬁndes tæt ved Ferminiveauet.

Acknowledgments
I do believe the acknowledgements are better done in person, but I realize that the written
word can be a more permanent memento, that one might want to read to look back at the
time passed.
Thanks are due to all members of the group, past and present, that helped me, discussed
with me and collaborated with me; internal collaborations are not explicitly written in
the text of the thesis but all the experiments were always performed with the precious
help of people in the group. Special thanks to Philip Hofmann for his scientiﬁc guidance,
for his contagious passion and his great humanity. Thanks to Marco Bianchi for being
the most fatherly ﬁgure to me when it comes to UHV and ARPES. Special thanks to
Maciek and Charlotte for the many laughs in the lab, in the oﬃce and in the outside
world, for the scientiﬁc stimulation, the trips across Europe and the great personal support.
Particular thanks to Antonija for all the tea, to Fabian, for being the best foosball partner,
to Arlette for her teachings, to Jill for her spirit, to Søren for his passion for beer and
science. Thank you to all external collaborators whose collaboration I hope to maintain
through my scientiﬁc carrier. In particular thanks to all people who spent sleepless days
with me at beamtimes.
Matteo Michiardi,
Aarhus, November 1, 2015.

vii

List of Publications
Publications relevant for the thesis
Strongly anisotropic spin-orbit splitting in a 2 dimensional electron gas, Matteo Michiardi,
Marco Bianchi, Maciej Dendzik, Jill Miwa, Moritz Hoesch, Timur K. Kim, Peter
Matzen, Jianli Mi, Martin Bremholm, Bo Brummerstedt Iversen and Philip Hofmann,
Physical Review B 91, 035445 (2015).
Intra- and Interband Electron Scattering in the Complex Hybrid Topological Insulator
Bismuth Bilayer on Bi2 Se3 , A. Eich, M. Michiardi, G. Bihlmayer, X.-G. Zhu, J.-L. Mi,
Bo B. Iversen, R. Wiesendanger, Ph. Hofmann, A. A. Khajetoorians and J. Wiebe,
Physical Review B 90, 155414 (2014).
Bulk band structure of Bi2 Te3 , Matteo Michiardi, Irene Aguilera, Marco Bianchi,
Vagner Eustáquio de Carvalho, Luiz Orlando Ladeira, Nayara Gomes Teixeira, Edmar
Avellar Soares, Chiristoph Friedrich, Stefan Blügel and Philip Hofmann,
Physical Review B 90, 075105 (2014).

Other Publications
Growth and electronic structure of epitaxial single-layer WS2 on Au(111), Maciej
Dendzik, Matteo Michiardi, Charlotte Sanders, Marco Bianchi, Jill A. Miwa, Signe
S. Grønborg, Jeppe Vang Lauritsen, Philip Hofmann,
Submitted (2015), arXiv:1509.05133v1.
Direct observation of spin-polarised bulk bands in an inversion-symmetric semiconductor, Jonathon Riley, Federico Mazzola, Maciej Dendzik, Matteo Michiardi, Tomohiro
Takayama, Lewis Bawden, Cecilie Granerød, Mats Leandersson, Thiagarajan Balasubramanian, Moritz Hoesch, Timur Kim, Hide Takagi, Worawat Meevasana, Philip
Hofmann, Mohammad Bahramy, Justin Wells, and Phil King,
Nature Physics 10, 835 (2014), see also News and Views by John Schaibley and Xiaodong Xu.
Tailoring the electronic texture of a topological insulator via its surface orientation,
Xie-Gang Zhu, Malthe Stensgaard, Lucas Barreto, Wendell Simoes e Silva, Søren
Ulstrup, Matteo Michiardi, Marco Bianchi, Maciej Dendzik, and Philip Hofmann,
New Journal of Physics 15, 103011 (2013).
ix

x
Factors determining the gas crossover through pinholes in polymer electrolyte fuel cell
membranes, Stefan Kreitmeier, Matteo Michiardi, Alexander Wokaun, Felix N. Büchi,
Electrochimica acta, 80, 240 (2012).

Contents
Preface

i

Abstract

iii

Resumé

v

Acknowledgements

vii

List of Publications

ix

Contents

xi

I Introduction

1

1 Theoretical background
1.1 Electronic structure of surfaces . . . . . . . . . . . . .
1.2 Spin-orbit coupling . . . . . . . . . . . . . . . . . . . .
1.2.1 Symmetry dependent spin-orbit interaction . .
1.3 Topological Insulators . . . . . . . . . . . . . . . . . .
1.3.1 Deﬁnition of a topological invariant . . . . . .
1.3.2 A massless surface state topologically protected
1.4 Other Dirac fermions . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

5
6
7
8
11
12
14
15

2 Experimental techniques
2.1 Angle Resolved Photoemission Spectroscopy . . . . . . . .
2.1.1 Photoemission process . . . . . . . . . . . . . . . .
2.1.2 Electron momentum in photoemission . . . . . . .
2.1.3 Spectral shape and quasi particle eﬀects . . . . . .
2.1.4 Acquiring and analysing ARPES Data . . . . . . .
2.1.5 The beamlines: SGM3 at ASTRID and ASTRID2
2.2 Scanning tunnelling microscopy and spectroscopy . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

17
17
17
19
22
24
26
27

.
.
.
.
.
.
.

II Results and Discussion

33

3 Bulk band structure of Bi2 Te3
3.1 Bismuth chalcogenides topological insulators
xi

. . . . . . . . . . . . . . . . .

35
35

xii

Contents
3.2

3.3

A study of the Bi2 Te3 bulk band structure .
3.2.1 The calculated band structure: LDA
3.2.2 ARPES vs DFT . . . . . . . . . . .
Summary . . . . . . . . . . . . . . . . . . .

. . . . . . . .
vs GW . . .
. . . . . . . .
. . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

4 Surface modiﬁcations and new electron states in bismuth tellurides
4.1 Two dimensional electron gasses at surfaces . . . . . . . . . . . . . . . .
4.2 Anisotropic 2DEGs on topological insulators . . . . . . . . . . . . . . .
4.2.1 Rb-surface doping of Bi2 Te2 Se . . . . . . . . . . . . . . . . . . .
4.2.2 An exotic 2DEG . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.3 The “warped” eﬀective Rashba Hamiltonian . . . . . . . . . . . .
4.2.4 Analysis of the splitting . . . . . . . . . . . . . . . . . . . . . . .
4.3 The case of Bi2 Te3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4 An outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5 Exploring the magnetic properties with magnetic surface doping . . . .
4.5.1 Adsorption sites . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5.2 Magnetic properties . . . . . . . . . . . . . . . . . . . . . . . . .
4.5.3 Eﬀect of magnetic adatoms on the electronic structure . . . . . .
5 Interfacing a 2D and a 3D topological insulator - Bi/Bi2 Se3
5.1 The electronic structure of the interface . . . . . . . . . . . . . . . . . .
5.1.1 ARPES characterization . . . . . . . . . . . . . . . . . . . . . . .
5.1.2 DFT calculations . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2 FT-STS and JDOS simulations, an indirect probe of complex structures
5.2.1 Quasi particle interferences . . . . . . . . . . . . . . . . . . . . .
5.2.2 The simulation procedure: the Joint Density of States . . . . . .
5.2.3 QPI vs JDOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6 Electronic structure of rare earth diantimonides:
6.1 An overview . . . . . . . . . . . . . . . . . . . . . .
6.2 Synthesis and experimental challenges . . . . . . .
6.3 The electronic structure . . . . . . . . . . . . . . .
6.3.1 The Fermi surface . . . . . . . . . . . . . .
6.3.2 The band dispersion . . . . . . . . . . . . .
6.4 Features and properties of the electronic structure

LaSb2
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .

and
. . .
. . .
. . .
. . .
. . .
. . .

NdSb2
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.

37
38
38
43

.
.
.
.
.
.
.
.
.
.
.
.

45
45
47
47
49
50
53
56
60
63
64
65
66

.
.
.
.
.
.
.
.

69
70
71
73
74
75
75
81
84

.
.
.
.
.
.

87
87
90
91
92
93
97

7 Conclusive Remarks

101

Bibliography

103

Part I

Introduction
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3

The search for novel physical properties of the condensed matter is at the basis of the
research in solid state physics and material science; it allows to explore the fundamental
physical principles and provides, at the same time, the ground-work for technological advancement. To this end, the fundamental research on the electronic properties of solids
led to some of the greatest technological achievements. Superconductivity, giant magnetoresistance, semiconductor physics are just few examples of condensed matter electronic
properties, explored in the past century, that made their way to every-day life applications.
Today’s state of the art technology in electronics is based on the consolidated knowledge of
the physical properties of materials. The job of the solid state research is to push forward
the frontiers of knowledge and study new physical concepts and new systems.
The work presented in this PhD thesis is dedicated to the study of electronic properties
of some novel materials, in speciﬁc the focus is on topological insulators and rare earth
diantimonides. Topological insulators (TI) are a new electronic state of matter, discovered
in 2007 [9]. In these materials, the bulk is insulating but the surface is conductive. This
conductivity is ensured by the presence of spin polarized, massless, robust surface states.
This feature is particularly relevant for new spintronic applications where the spin degree
of freedom could be used to store and manipulate information without the use of magnetic
ﬁelds [10]. Moreover TIs are an extremely fertile playground for a variety of exotic physical
phenomena such as magnetic monopoles [11], Majorana fermions [2], topological superconductivity [12], and received enthusiastic attention from the scientiﬁc community in the last
years. In this work we focus on the electronic structure of TIs with particular interest on
the electronic modiﬁcations under surface transformations and creation of interfaces.
The last part of this thesis is dedicated to the study of the electronic structure of rare
earth diantimonides, materials that exhibit unconventional magnetoresistive properties [7]
and whose electronic structure was previously unknown.
First an introduction covering brieﬂy the theoretical background necessary to the understanding of the thesis is given, followed by a description of the techniques and instruments
used. The second part focuses on the achievements of this work and is dedicated to the
description and discussion of the presented results.

Outline of the thesis
Chapter 1 provides a general introduction to the physical concepts of surface electron
states, spin-orbit interactions and topological insulators, which represent the theoretical background of this work.
Chapter 2 presents the experimental techniques utilized during the work of this thesis.
The main principles of angle resolved photoemission spectroscopy and scanning tunnelling spectroscopy are outlined and we take a brief tour of the instrumentation at
SGM3 beamline at the ASTRID(2) synchrotron.
Chapter 3 introduces the experimental bulk band structure of the topological insulator
Bi2 Te3 and compares it with diﬀerent theoretical models.
Chapter 4 investigates the eﬀect of adatoms on top of topological insulators Bi2 Te3 and
Bi2 Te2 Se. Rb adatoms are used to induce an anisotropic two dimensional electron
gas with strong spin-orbit splitting on the surface. The state’s dispersion is studied
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using model k · p Hamiltonians. Fe and Ni atoms are used to determine the properties of magnetic adsorbates on the TIs, combining magnetic circular dichroism with
photoemission experiments.

Chapter 5 describes the electronic structure at the interface of the heterostructure Bi
bilayer/Bi2 Se3 , a case of coupling a two dimensional TI with a three dimensional TI.
Chapter 6 introduces the rare earth diantimonides as novel materials for electron correlation and transport studies. The electronic structure of LaSb2 and NdSb2 is unveiled
with experiments and theory.

Chapter 1

Theoretical background
In solid state, electrons lose the single particle behaviour and they are rather described
as an ensemble of particles/waves subject to the rules dictated by the chemistry and the
symmetry of the entire solid. The generation, in solids, of collective electronic structures
gives rise to an extremely wide spectrum of physical properties, whose discoveries have
been milestones in the ﬁeld of solid state physics. The up-to date knowledge of solid state
physics is reported in various literally works and extensive reviews [13, 14]. Here we simply
cite the basic concepts useful for the understanding of this work.
A single atom has both core electrons, deep in the energy level spectrum, and valence
electrons in the most external shell. The latter are responsible for chemical bonding that
leads to the creation of electronic structures in solids. Electron states are described by Bloch
wave functions, with form Ψk (r) = uk (r) exp(ik·r), where k is the crystal momentum and
uk (r) has the same real space periodicity as the crystal lattice. Solving the Schrödinger
equation
[−

2 ∇2r
+ V (r)]Ψ(r) = EΨ(r),
2m

(1.1)

in the lattice periodic potential V (r) one obtains the energy dispersion of electron states
E(k). For each k vector the energy E has multiple solutions, which correspond to multiple
electron bands. When the Schrödinger equation is solved for vanishing potential V (r),
the wave function is a simple plane wave Ψk (r) = eik·r and the dispersion relation is
E(k) = 2 k2 /2me . The free electrons, have parabolic dispersion in reciprocal space, and
this is frequently observed for simple metals. When the crystal potential is switched on
the solution to Eq. 1.1 can deﬁne a ﬁnite band gap of forbidden energies where bulk
electron states cannot exist. The band dispersion is reshaped from the parabolic behaviour,
according to the potential felt in the three dimensions. However it is often possible to
employ a quasi-free electron model and describe critical points of the bands approximating
to a parabolic dispersion with an eﬀective mass m = me .
The whole theory of solid state physics, and in particular the electronic structure is
based on the concept of inﬁnite periodicity. This has remarkable success in describing
the properties of bulk crystals. But what happens when the periodicity of the system is
broken? This situation is far from being unrealistic: defects and dislocation disrupts the
crystal periodicity, but the surface of the solid is the most obvious candidate to consider
the eﬀect of broken translational symmetry.
5
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Chapter 1. Theoretical background
Solid

(a)

0

Vacuum

(b)

Bulk state

SS

Surface state
z

Energy

z
Au sp

proj. bulk
gap edge

Surface resonance
z

k

Figure 1.1: (a) Real part of the electron wave functions in the surface region. A bulk state (blue) has
Bloch character throughout the solid and decays on the vacuum side. The surface state (red) exponentially
decays on both sides of the surface localizing it in two dimensions. A surface resonance (green) is a bulk
state whose intensity is enhanced at the surface. (b) Angle resolved photoemission spectrum of Au(111)
surface. A parabolic surface state is formed in the projected bulk band gap.

1.1

Electronic structure of surfaces

Introducing the surface in modelling the band structure of a continuous solid is not a trivial
task. The pioneering work on surface localized electron states was done by Shockley [15] and
Tamm [16]. We can imagine the surface as a sudden step in the electron potential: periodic
and negative V (r) in the crystal and V (r) = 0 in the vacuum. The electron wave function,
and its derivative, must be matched at the surface with a wave function exponentially
decaying in vacuum. The electron is described as a travelling wave with real k vector inside
the crystal which vanishes exponentially in the vacuum side. It must be pointed out that
the real value of k is not a constriction of the Bloch theorem; allowing for a complex k
along the direction perpendicular to the surface (z) such as k⊥ = k’⊥ ± iκ in a Bloch state
yields a wave function Ψk (r) = uk (r) exp(ik’ · r) exp(∓κ · z). These wave functions, and
hence the electron densities, are diverging at ±∞ and cannot exist in an inﬁnite crystal.
However in a semi-ﬁnite crystal these solutions assume physical meaning. Let us take the
wave function that exponentially decays inside the solid (for example at positive z): on
the vacuum side (z<0) the wave function will not diverge because the boundary conditions
impose again the match with a decaying function.
The comparison between the real parts of the wave functions for states of diﬀerent
nature is shown in Fig. 1.1(a). The bulk state is a travelling wave inside the bulk that
vanishes from z = 0 (the surface). The surface state decays both in the bulk and in vacuum,
remaining localized close to z = 0. A non-zero k’⊥ (the real part of k ⊥ ) is responsible for
maintaining a Bloch-like behaviour of the surface state. The surface localized states (SS)
cannot cross the path of the bulk bands since the degeneracy of the two would merge the SS
to the bulk travelling wave. Surface states can hence only exist within the projected band

1.2. Spin-orbit coupling
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gaps, i.e. energy vs k regions where no bulk bands exist at any k⊥ . It is worth to point
out that there are few cases where this exclusion criterion does not hold: it can happen
that surface states are degenerate with bulk bands if the two states have well deﬁned and
distinct symmetries [17]. In the case when the surface state mixes with a bulk band, the
state has ﬁnite intensity through the whole bulk but is enhanced at the surface. This is the
case of the surface resonances shown in Fig. 1.1(a).
The existence of surface states is not an exotic phenomenon. Such states are very
commonly found on semiconductor surfaces [18] and in metal projected band gaps [19, 20].
Experimental evidence of a surface state on the (111) surface of gold is reported in Fig.
1.1(b). The parabolic state is well visible within the projected bulk band gap. However
the SS existence is somehow precarious, surface reconstruction, defects, chemi- and physisorption are all factors that can destroy the SS.

1.2

Spin-orbit coupling

The spin-orbit interaction is a relativistic eﬀect that acts both at the single atom level and
on the electron collective in valence states. It can also have drastic consequences on the
band structures of solids. Spin-orbit coupling (SOC) derives from the interaction of the
electron spin with its motion (orbital momentum). We can think of this in simple terms:
a charged particle with spin S moves with velocity v in a static electric ﬁeld E. In the
reference frame of the particle the moving electric ﬁeld is perceived as a magnetic ﬁeld B
through Lorentz transformation
1
1
(E × p),
B=− v×E=
c
mc

(1.2)

where c is the speed of light and p is the electron momentum. Higher order terms have
been omitted. The particle carries a magnetic moment μs related to its spin. The eﬀective
magnetic ﬁeld exerts a force on μs via the Hamiltonian HB = −μs · B. This energy term
induces a Zeeman-like splitting in energy for particle with spin in a magnetic ﬁeld. An
electron moving in the atomic (or crystal) potential must obey the same rules, giving rise
to the spin-orbit coupling.
Taking into account that E = −∇V the spin-orbit coupling Hamiltonian can be obtained
directly from the relativistic Dirac equation and assumes the form:
HSOC =


σ(∇V × p),
4m2 c2

(1.3)

expressing the Pauli matrices for spin as σ. In the case of a single atom the potential
V can be approximated by a spherical potential. The gradient ∇V is proportional to the
atomic number to the forth power, Z4 . The implication here is very important: the SOC
becomes stronger for heavier elements. Indeed looking at the periodic table, elements in
the ﬁrst periods eﬀectively show virtually null eﬀect of the SOC, while energy scale of the
order of the eV can be found in elements belonging to the last two periods. The spin-orbit
Hamiltonian is proportional to the total angular momentum J. In atomic and molecular
physics the SOC splits the electron energy level into two sub-levels with high (J = |L+S|)
and low (J = |L-S|) spin states. This is also true for localized core levels in solids, as
outlined in Fig. 1.2. For example a p state will be split into two degenerate levels p3/2 and
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Figure 1.2: Sketch of the eﬀect of the spin-orbit coupling on core level states and valence states. SOC
splits p-like core level states and reshapes the valence band dispersion, but does not eﬀect the s- electrons
with orbital momentum L=0.

one p1/2 . An s state, on the other hand, cannot be split since it carries orbital momentum
equal to zero.
The same spin-orbit treatment is valid for valence electrons, however the manifestation
of SOC in valence states can assume diﬀerent forms. The energy dispersion of the valence
states is indeed aﬀected by the spin-orbit coupling, but the creation of spin non-degenerate
states is not a trivial task.

1.2.1

Symmetry dependent spin-orbit interaction

To continue with the analysis of SOC in solids, a few symmetry considerations are in order. First we deﬁne the time-reversal operator Θ = −iSy K, K being a complex conjugate
operator and Sy the spin operator along y, so that ΘH(t)Θ−1 = H(−t). When time reversal symmetry (TRS) holds the system is symmetric towards the reversal of all quantities
depending on the time in ﬁrst order, such as velocities and momenta. Normally the system
Hamiltonian commutes with Θ meaning that when momenta are reversed the energy eigenvalues from solving the Schrödinger equation will be the same. In practice time reversal
symmetry enforces the following condition,
E(|k, ↑) = E(|−k, ↓).

(1.4)

States at opposite points in the Brillouin zone (opposite k) must carry opposite spin direction. In those points of the Brillouin zone where k =k +G (G being a reciprocal lattice
vector) the momentum k =-k and Eq. 1.4 requires all states to be spin degenerate. These
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points are called time reversal invariant momenta (TRIM). TRS can be broken by a magnetic ﬁeld. Since the Lorentz force manifests itself as a cross product between particle
velocity and B ﬁeld, the magnetic force is odd under time reversal.
The second symmetry we consider is the inversion symmetry. Many crystals are inversion symmetric in their lattice, and all the materials explored in this thesis are indeed
inversion symmetric. From a mathematical point of view the system is inversion symmetric
when the parity operator P (P Ψ(r) = Ψ(−r)) commutes with the system Hamiltonian. We
conclude that for each electron level there must be a degenerate level at the opposite side
of the Brillouin zone carrying the same spin
E(|k, ↑) = E(|−k, ↑).

(1.5)

It is straight forward to realize that when both conditions hold the degeneracy constraints
imposed by symmetry become very strict:
inv

trs

inv

E(|k, ↑) = E(|−k, ↑) = E(|+k, ↓) = E(|−k, ↓).

(1.6)

Eq. 1.6 goes to imply that electron states are always doubly spin degenerate throughout
the whole reciprocal space.
In order to lift the degeneracy at least one of the two symmetries must be broken.
The behaviour for a parabolic state under symmetry breaking is sketched in Fig. 1.3. As
discussed, one way to achieve this is through the break of TRS, for example with magnetic
ﬁeld or in magnetic materials. Breaking TRS results in two sub-bands carrying opposite
spin direction and generating majority and minority spin carriers.
The second way to obtain spin-polarized bands is to break inversion symmetry. This
is achieved even in centro-symmetric materials at the surface of the solid. The presence of
the surface breaks the mirror symmetry perpendicular to the surface, breaking, de facto,
the inversion. The theoretical basis of the SOC at surfaces was pioneered by Bychkov and
Rashba [21, 22] and is nowadays commonly called Rashba eﬀect. The Rashba Hamiltonian
is simply derived from the spin-orbit Hamiltonian in Eq. 1.3. If we assume a quasi-free
electron state with eﬀective mass m as shown in Fig. 1.3 and take the direction z as
perpendicular to the surface, the total Hamiltonian for electrons on the x-y plane is
p2

2 k2
α
H = Hk + H R =
+ (σ × p ) =
+ α(σx ky − σy kx ).
2m

2m

(1.7)

The ﬁrst term is the kinetic energy and the second is the Rashba Hamiltonian. α is the
so called Rashba parameter and is a measure of the strength of the spin-orbit coupling
in the system. It comprehends the SOC strength and the electric ﬁeld strength at the
surface. When the Rashba Hamiltonian is applied to the surface state of Fig. 1.3, the
band splits into two spin-split sub-bands. The energy splitting is linear in k and equal
to ΔE = 2α|k |. The momentum splitting depends on the band dispersion and for the
quasi-free electron case is Δk = 2αm /2 . The two sub-bands are eﬀectively shifted in
the momentum direction. The two branches are degenerate at k =0 which is a TRIM.
To understand the spin texture of a Rashba state, we can go back to the simple image of
the eﬀective magnetic ﬁeld. At the surface the electric ﬁeld is perpendicular to the surface
plane, the electron velocity is normal with respect to the Fermi contour (a circle for a free
electron band), hence the magnetic ﬁeld [Eq. 1.2] is orthogonal to both vectors. The spin
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Figure 1.3: Inﬂuence of spin-orbit coupling on surface states. (a) Symmetry constrains the eﬀect of
the spin-orbit coupling. When inversion symmetry and time-reversal symmetry hold the state is spindegenerate. The degeneracy is lifted by broken time reversal symmetry, like a magnetic ﬁeld, or broken
inversion symmetry in a Rashba-like state. In the Rashba state time reversal symmetry constrains the
degeneracy at the Γ̄ point. (b) Photoemission spectrum of the surface state of Au(111). The two parabola
resemble the Rashba state dispersion. Blue and red lines are a guide for the eye, representing the two
branches with opposite spin direction. (c) Fermi surface cut of the surface state of Au(111). Two concentric
circles resemble the constant energy contour of the model Rashba state sketched in (d). The spin direction
(arrow) is tangential to the contour.

aligns parallel and anti-parallel to the eﬀective B-ﬁeld creating the spin texture sketched
in Fig. 1.3(d). The spin direction is locked to the electron momentum tangentially to the
contour.
The Rashba model is a very useful tool in the study of electrons at surfaces. Surface
Rashba splitting was ﬁrst found and investigated on the surface of gold(111) [23], an example
is shown in Fig. 1.3(b,c). The dispersion cut and the Fermi surface reveal the existence of
the two spin-split sub-bands.
The presence of spin polarized states, especially metallic, is strongly desired for novel
spintronic applications, where the spin degree of freedom can be used to process and store
information. The aim would be to control the spin degree of freedom without the use of
magnetic ﬁelds but rather using solely electric switches. The ﬁrst, and most renowned
proposal for such a device is the so called Datta-Das spin transistor, that requires strong
Rashba splitting in a two-dimensional channel [24]. It is worth reminding that for non
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centro-symmetric systems spin-split states can be obtained without the need of the surface.
This was described for Zinc-Blende structures by Dresselhaus [25], but it can also be found
in diﬀerent crystal structures [26, 27].
Further development in the Rashba model requires the integration in Eq. 1.7 of higher
order terms in k. These terms can signiﬁcantly change the spin splitting and the dispersion
of the band as well. Inclusion of higher order terms is further discussed in Chapter 4.2. For
a deeper understanding of the Rashba coupling we refer to the many reviews [28–31].

1.3

Topological Insulators

Topological insulator are a class of materials that was recently discovered and classiﬁed
as new state of matter [3]. Macroscopically topological insulators are materials insulating
in the bulk but conductive on the surface, meaning that, despite their insulating nature,
metallic surface states are always found. But this deﬁnition is actually quite far from being
accurate. The presence of metallic states localized on the surface in semi-conductors is
a common phenomenon. The nature of the surface states in topological insulator is of
a diﬀerent nature, and shows exotic properties, such as spin-Hall eﬀect, spin-momentum
locking and linear dispersion. The experimental discovery of the ﬁrst TI in 2007 [9] is only
the result of a series of theoretical developments of the model. The discovery of TIs called
for a great deal of research in topological insulators, and in new topological states of matter.
The theory behind TIs is quite complex. A full, and eﬃcient, description requires to extend
the abstract geometrical concepts of topology to the band structure theory of solid state
physics. Here, for brevity sake, we will simply cover the main phenomenological aspects
and some of the considerations that brought the topological formalism into the materials
physics ﬁeld. For a more thorough description, we can point to some of the many reviews
on the topic [1, 2, 32–34].
Topology is a branch of diﬀerential geometry that explores the properties invariant under
continuous transformations. The entire topological formalism can then be reduced to the
study of topological invariants, constants of continuity in a topological space. A physical
system is equivalently described by physical invariants that are protected by the system
topology. The ﬁrst discovery of topological invariants in the band structure of a material
was found by Thouless et al. describing the Quantum Hall Eﬀect [35]. In the quantum Hall
eﬀect a two dimensional electron gas under a strong magnetic ﬁeld and low temperature
develops an insulating phase because of the quantization of the density of states into Landau
levels. The quantum Hall system develops conductive channels at the edges, described by
a quantized Hall conductance. The physical implications of the quantum Hall eﬀect are of
extreme interest, because the edge states are chiral in nature and backscattering cannot
occur. On the negative side, the quantum Hall eﬀect requires extreme conditions, especially
the strong magnetic ﬁeld, which is undesirable for real-life applications. In 2005 Kane et
al. proposed that materials with strong spin-orbit coupling could develop a particular form
of quantum Hall eﬀect, called quantum spin Hall eﬀect, without the presence of magnetic
ﬁelds [3]. The idea is that, given the right conditions, chiral states could be developed
without breaking time reversal symmetry, and hence without the use of magnetic ﬁelds, by
having two counter-propagating chiral states that posses opposite spin direction. The 3D
quantum spin Hall state of matter was later also named topological insulator.
The necessary ingredients to obtain a TI are two: (1) strong spin-orbit coupling, this
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is intuitive because of the need for spin-polarized states, and (2) a band inversion across
the band gap. Spin-orbit interaction modiﬁes the band structure, as brieﬂy discussed in
Section 1.2. When this interaction is strong it can happen that the energy of valence-like
states becomes lower than the conduction-like states leading to an inversion of characters
in the bands across the band gap (see Fig. 1.4(a)). For example, we can imagine that the
valence band and the conduction band of an insulator will invert their character (like their
orbital character) in the point in the Brillouin zone where they are closer to each other. Of
course the insulating condition must always be maintained and the gap cannot be closed.
Whenever the character inversion happens an odd number of times across the Brillouin
zone the material is a topological insulators. In the most general case the band “character”
is deﬁned as the time reversal polarization of the occupied bands across the Brillouin
zone [1]. The time reversal polarization is basically the diﬀerence in charge polarization
between spin up and spin down bands. The calculations of the time-reversal polarization
can be complex. However, in 2007 it was reported that for centro-symmetric crystals
the topological considerations can be greatly simpliﬁed by the study of the sole parity
eigenvalues of the occupied bands [36].

1.3.1

Deﬁnition of a topological invariant

We look now a bit more in detail how a topological invariant is deﬁned in the case of a
three dimensional TI with inversion symmetry [36, 37], since throughout this thesis we will
only discuss centro-symmetric materials. The topological character of insulators is deﬁned
by a Z2 invariant called ν. This is calculated from the parity eigenvalues of the occupied
bands’ wave functions at the TRIMs. The parity can assume two values: 1 for even and -1
for odd parity. At each TRIM Λi the product of the parity eigenvalues ξ of all the occupied
bands is calculated as

ξ2p (Λi ),
(1.8)
δi (Λi ) =
p

where ξ2p is counting only one of every two spin-degenerate bands. The topological invariant
is then determined from the product of the parities at all TRIMs.
(−1)ν =

#Λ
i

δi .

(1.9)

i=1

The value of ν can be either 0 or 1. ν=0 indicates that a parity inversion does not occur
or it occurs an even number of times. The topology is therefore trivial, this is the case for
normal insulators. If ν=1 the insulator is non trivial because the band structure presents
a topological "twist" and it is nominally called topological insulator.
Note that the non triviality of the band structure does not carry any useful information
per se because the system is continuous in its own topological space. The novel electronic
properties arise only when two diﬀerent topological spaces are connected, in the present
case a non trivial insulator with a trivial one (such as vacuum). For reasons of continuity,
a new state is localized at the interface/surface of the TI in order to connect the two
topologies. This state is called topological state (TS) and as a result of the odd topology
it must generate an odd number of Fermi contours.
As an example we look at the sketch of the Brillouin zone of tetradymite TIs, such as
prototypical topological insulators Bi2 Se3 , Bi2 Te3 , Bi2 Te2 Se, in Fig. 1.4(b). Eight TRIMs
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are identiﬁed in the bulk Brillouin zone. The parity value δi is -1 for the Γ point but it
is even (+1) for all the other TRIMs. We can expect this to be a topological insulator.
Moreover projecting the bulk Brillouin zone onto one surface (the (111) surface in this case)
the parity values for the surface TRIMs are straight forwardly calculated. Here only Γ̄ has
odd parity and a single topological state is expected on this surface.
The TS in an insulator is always conﬁned in one dimension lower than the bulk. So far we
have described three dimensional (3D) systems and the topological properties are detectable
in two dimensions, such as surfaces or interfaces [37]. The case of a two dimensional (2D)
topological insulator is actually even simpler and all the topological considerations are
equally valid, leading to an insulating 2D material with topological 1D edge states, such as
the ﬁrst example of TI in 2007 [9]
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Figure 1.4: (a) Graphic rapresentation of band inversion mechanism in topological insulators. In a trivial
insulator the valence band (VB) has “blue” character and the conduction band (CB) “red”. The spin-orbit
coupling pushes the two bands across the gap. If the “blue” state assumes lower binding energy than the
“red” state a band inversion takes place. When this happens an odd number of times across the Brillouin
zone the material is a topological insulator. (b) Projection of a rombohedral structure Brillouin zone (BZ)
onto one surface, high symmetry points are projected as well. This is an example of a strong topological
insulator, a single inversion of parity at Γ leads to the creation of a single Fermi contour. The surface
Brillouin zone (SBZ) has hexagonal shape; the high symmetry points Γ̄ and M̄ are surface TRIMs while K̄,
at the corners, is not. Adapted from Ref. [38]. (c) Examples of spin split edge states: on the left example of
trivial surface state with spin splitting, on the right example of topological state. The trivial surface state
can be smoothly deformed but the metallicity is not granted because a gap exists or can be opened. In the
case of the topological state as long as the degeneracy at TRIMS is maintained no smooth transformation
can undo the Fermi level crossing. After Ref. [1].
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1.3.2

A massless surface state topologically protected

It must be noted that the TS is diﬀerent from other trivial surface states for two main
reasons: 1- The topological surface state existence is due to the properties of the bulk and
it does not derive from the surface. This makes it robust against surface impurity, disorder
or surface reconstructions. 2- The TS derives from a character inversion across the band
gap and it is forced to connect the valence band to the conduction band. Given these
connectivity considerations the TS must always be metallic (it crosses the Fermi level):
Fig. 1.4(c) shows the dispersion and the spin polarization of a trivial surface state, such
as a Rashba state, and a TS. Both have spin polarized bands. However, the ﬁrst generates
an even number of closed constant energy contours, any smooth transformation can make
it cross the Fermi level or move it away from it. In the case of the topological state, this
can never happen because an odd number of Fermi level crossing is granted by topology. A
smooth transformation is here deﬁned as a deformation that maintains all the topological
premises we imposed: band inversion, band gap and time reversal symmetry. If the time
reversal symmetry lacks on the system, the degeneracy at TRIMS is not granted and a gap
in the TS can be opened.
A peculiarity of the topological state is its linear dispersion. The linear
 dispersion of
the bands is mathematically described by the Dirac equation E = ±c p2 + m2 c2 for a
massless relativistic fermion. The term massless does not refer to a null eﬀective mass, in
fact the linear dispersion indicates by deﬁnition divergent m∗ , but rather to a dispersion
similar to the one of the photon. When the TS is two dimensional (for three dimensional
TIs) the state assumes the characteristic "Dirac cone" shape of Fig. 1.5(a). The crossing
point of the two bands is called Dirac point and has vanishing density of states. The band
dispersion is linear as long as the mass term is zero, otherwise a gap is opened.
The other fundamental property of the topological state is the spin helicity (as shown in
Fig. 1.5 (a,b)) which means that the two branches of the topological state carry inverse spin
orientation and, in ﬁrst approximation, the in-plane component of the spin is perpendicular
to the electron momentum. The spin helicity of the states protects the electrons from
backscattering. A non-magnetic impurities cannot impart the momentum to ﬂip the spin
of the scattering electron. Because of time reversal symmetry backscattering requires the
electron to pass from a state |k, ↑ to a state |-k, ↓ which is a spin-ﬂipping process. Because
of the spin polarized states suppressed backscattering the topological insulators are explored
for use in spintronic and modern electronics to transport dissipationless spin currents. A
constant energy contour of a TS is represented in Fig. 1.5(b). Elastic scattering can still
occur in the TS when the scattering angle is lower than 180◦ because the projected spin
directions of ﬁnal and initial state have a ﬁnite overlap. In the case of two dimensional
TIs the edge states can carry a true dissipationless spin current (Fig. 1.5(c)) since the
backscattering is the only possible event in one dimensional edge states.
A small summary of topological insulators and topological properties is given in the
following:
• Insulating materials can be classiﬁed according to their band structure topology.
A band inversion due to SOC can lead to a non trivial topology. This leads to a
topological insulator.
• TIs have TS localized at the surface (edge). The TS is due to the bulk band structure
and not to the surface (edge) properties. It is hence robust against surface (edge)
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Figure 1.5: (a) Dirac cone topological state in momentum space for 3D TIs. The dispersion is linear
and the branches are spin polarized with helical spin texture. (b) Example of a constant energy contour of
the 2D topological state. Due to the spin helicity scattering through non magnetic impurity is impossible
in the back-scattering geometry (red arrow). It is however possible the scattering at diﬀerent angles, with
probability scaling as (1 − cos(θ)) (θ is the scattering angle). (c) Schematic dispersion of a 1-D topological
state. Opposite branches carry opposite spin (red-blue arrow), the elastic scattering is forbidden.

modiﬁcations.
• The TS is spin polarized with chiral spin texture.
• The TS has a linear dispersion (to some extent) and can be treated as describing
massless Dirac fermions.
• Backscattering within the TS is forbidden by time reversal symmetry.

1.4

Other Dirac fermions

Topological insulators are not the only materials that show a Dirac-like dispersion of the
bands. Graphene was the ﬁrst material to trigger the interest in relativistic fermions [39].
Similar states are also found in d-wave superconductors [40] and in other topological states
of matter such as crystalline topological insulators [41] and Weyl semimetals [42]. The
wave-like behaviour of Dirac fermions has opened the gate to a series of new physical
phenomena, mostly related to transport properties. In graphene, for example the electronhole symmetry leads to perfect ambipolar eﬀect and very high carrier mobility. Also,
because of their photon-like dispersion Dirac fermions respond diﬀerently than other states
to external perturbations. Applying a magnetic ﬁeld perpendicular to the Dirac state
surface produces always a zero mode in the Landau level spectrum, a signature of the
linear dispersion. A mass term in the Dirac equation, on the other hand, generates gapped
insulating states [43]. The linear dispersion also inﬂuences the magnetoresistive properties
of materials, and it can push the magnetoresistance down to its quantum limit [44]. This
point will be discussed in Chapter. 6 studying the case of rare-earth diantimonides. Dirac
fermions are a new playground for incorporating relativistic eﬀects into solid-state physics.

Chapter 2

Experimental techniques
2.1

Angle Resolved Photoemission Spectroscopy

Angle Resolved Photoemission Spectroscopy (ARPES) is one of the most used techniques
for the study of the electronic structure of materials. The big asset of ARPES is the
ability to provide, arguably, the most direct visualization of the electronic band structure.
The ARPES technique ﬁnds its root in the physics of the photoelectric eﬀect. Discovered
by Hertz [45] and later explained by Einstein [46] the photoelectric eﬀect is an exquisite
manifestation of quantum mechanics: if a beam of light of suﬃcient energy is shun on a
material its electrons can absorb single photons and get expelled from the solid. The ﬁnality
of ARPES is to collect the photoemitted electrons and analyse them in terms of energy and
emission angle in order to trace back the momentum dependent energy dispersion (E(k)) of
the electrons inside the solid. Other than a view on the electronic structure of a material,
ARPES also takes a peak into the dynamical properties of electrons in solid state. In the
following we will describe the basic principles of angle resolved photoemission spectroscopy
in solids, and the information that can be extracted from photoemission spectra, as relevant
to this thesis. For additional information we refer to the extensive literature on the subjects
[47–51].

2.1.1

Photoemission process

The basic principle of the photoemission process in a solid is sketched in Fig. 2.1(a). When
a photon of energy hν is shone on the sample an electron can be emitted. The energy
necessary to extract an electron from the material is equal to the binding energy of the
electron inside the solid (EB ) plus the work function Φ. The work function is the energy
step that prevents the electrons from escaping the surface. It manifests as an energy oﬀset
between the Fermi level of the material and the vacuum level. Typical values for the
work function are in the order of 4-5 eV. By energy conservation the kinetic energy of the
photoemitted electrons is:
(2.1)
Ek = hν − EB − Φ.
The binding energy is deﬁned by convention as positive and starts with zero value at
the Fermi level. The electrons are collected by a spectrometer that discriminates their
energies and counts the individual photoemission events. The photoemission intensity is
proportional to the density of states and the kinetic energy can be transformed in binding
17
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Figure 2.1: (a) Schematics of the energy levels in a photoemission process. A photon with energy hν
extracts an electron in the material from an energy level with binding energy EB . The kinetic energy of
the photoemitted electron is given by energy conservation. The detection of the photoemitted electrons
generates an energy spectrum as a function of kinetic energy. (b) Basic models for the photoemission
process: On the left the three step model. The electron is ﬁrst excited by the photon to a ﬁnal state, then
it travels to the surface and in the end gets transmitted through the surface. On the right the one step
model. Quantum-mechanically the photoemission process happens as a simultaneous match of initial state,
ﬁnal state and a vacuum state, mediated by the photonic transition.

energy through Eq. 2.1. Photoemission spectroscopy can only probe occupied electron
states. The photoemission process is usually described with two models: the three-step
and one-step model. Schematic representations of both are portrayed in Fig. 2.1(b). The
former is the most commonly employed to describe the photoemission in solids. The process
is outlined in the following three steps: 1) The electron is photo-excited from an initial state
|Ψi (Ei ) to a ﬁnal state |Ψf (Ef = Ei + hν); 2) the electron travels in the bulk to the surface
incurring in eventual scattering; 3) the electron is transmitted through the surface and leaves
the solid. The step 1 contains the information about the state of the electron inside the
material. In the step 2 the electron has to go through the bulk. This results in possibly
single or multiple scattering event(s). If the electron is scattered inelastically, energy and
momentum of the initial state (step 1) are changed. Inelastic scattering contributes to the
background in the energy spectrum. Instead of talking about scattering cross section, it is
common to refer to the inelastic mean free path λ that the electrons can travel on average
within the material without being subject to inelastic scattering processes. The mean free
path depends on the medium and on the electron kinetic energy. A universal mean free path
curve, as shown in Fig 1.11 of Ref. [48], gives a general indication of the energy dependence
and order of magnitude for λ. Electrons are strongly interacting particles and the mean
free path is rather short. For the energy range used in ARPES (4-100 eV) the mean free
path is only few Ångstroms, this makes photoemission spectroscopy an extremely surface
sensitive technique. Step 3 corresponds to a transmission probability through the surface.
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The three step model is the most commonly employed approach and it is very successful, mostly in the description of the bare band energy dispersion. However this model is
simplistic in its form. A more accurate quantum-mechanical description requires to deﬁne
a single one-step process. The transition is described by a ﬁnite overlap between an initial
state and a ﬁnal state through an optical transition Hamiltonian. The probability for the
transition is given by Fermi’s golden rule and has rate w deﬁned as
w=

2π
N 2
N
N
| ΨN
f | Hint |Ψi | δ(Ef − Ei − hν),


(2.2)

where the initial state is eigenstate of the N-particle system and the ﬁnal state is eigenstate
of the (N-1) electrons ionized system. Moreover, boundary conditions dictate that the ﬁnal
state includes a component in the form of a free electron plane wave in vacuum. The
optical interaction Hamiltonian employs a dipole operator in ﬁrst order time-dependent
perturbation as:
e
(A · p + p · A),
(2.3)
Hint =
2mc
where A is the vector potential of the electromagnetic radiation and p is the electron momentum. The one-step model provides the most accurate picture of photoemission, however
the description as a unique coherent process is rather complex and the phenomenological
three step model is more frequently used.
In the experimental technique of X-ray photoemission spectroscopy (XPS), electrons are
emitted from deep lying core levels using photon energies of 200-2000 eV. Values of the binding energy of the core levels are used to extract information about elemental composition
and chemical environment of the sample.
Photoemission is an elastic process that must conserve not only the energy but also the
total momentum. Knowledge of the momentum of the electrons inside the materials can
be retrieved as well. While this might not seem relevant for the study of the core levels,
which have no dispersion in momentum space, it can be used in the study of the valence
bands. Investigation of the valence bands dispersion is the main purpose of ARPES.

2.1.2

Electron momentum in photoemission

The electrons are emitted at diﬀerent angles from the surface of the sample, according to
their momentum; it is possible to make a measurement of the photoelectrons discriminating
their emission angle, this is done in ARPES. The derivation of the photoelectron momentum
is not straight forward and requires a few considerations. We examine what happens to the
electron momentum in the three-step model, in order to simplify the understanding and
outline the main processes. Fig. 2.2(a) shows the k vectors of the photoelectron inside and
outside the solid.
At the initial stage we ﬁnd an electron with crystal momentum ki and a photon with
momentum p = h/λ. For practical purposes, the momentum of the photon is neglected
since it is much smaller than the average value of electron momentum in the solid. This
approximation is good for low energy photons, such as typically used in ARPES. However,
the eﬀect of the photon momentum cannot be disregarded in case of high-energy ARPES.
In step 1 the electron is excited to the ﬁnal state in the solid. Since we are assuming the
optical transition to be vertical in a dispersion plot, the ﬁnal state momentum must be
equal to the initial state momentum plus or minus a reciprocal lattice vector. Simplifying
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Figure 2.2: (a) Initial and ﬁnal k vectors of the photoemission process. The component parallel to the
surface is maintained, the perpendicular component is not. (b) Schematics of the photo-absorption process
for a bulk state and for a surface state. Only the bulk state shows dispersion with the photon energy. Figure
adapted from Ref. [32]. (c) Schematic representation of an ARPES experiment setup. Light is shone on the
surface of the sample. Photoemitted electrons are collected and discriminated based on their kinetic energy
and emission angle(s). (d) Representation of a three dimensional dataset of ARPES. Intensity is reported
as a function of kinetic energy and angles θ and φ. Physical information is retrieved when transformed and
plotted as a function of binding energy and k .
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the picture in a reduced Brilloiun zone scheme we can avoid to track the reciprocal vector(s)
G involved in the process. The ﬁnal state momentum inside the solid is kf i = ki . Step
2 does not inﬂuence the electron momentum as long as the electron is not scattered. In
step 3 the photoelectron enters in vacuum. At the surface the electron is subjected to
a refraction process because of the lack of translation symmetry in the normal direction.
Since the translation symmetry at the surface plane is maintained the component of the
momentum parallel to this plain is not subject to change and kf = ki . On the contrary, the
perpendicular component k⊥ is not conserved and kf⊥ = ki⊥ . k⊥ is not even a good quantum
number for the system any more because of the destroyed periodicity. The electron in its
ﬁnal state is a free electron in vacuum and from simple geometrical consideration, it is easy
to see that in two dimensions
f



k =

2mEk

/2 sin(φ)

f

and k⊥ =



2mEk /2 cos(φ),

(2.4)

where φ is the angle between the trajectory of the photoemitted electron and the surface
normal.
Considering Eq. 2.4, we can notice that the dispersion of the state is aﬀected by the
photon energy. Let us take a measurement at normal emission, where the spectrometer
looks along the sample surface normal. Here θ = 0 and thus k = 0. Changing the photon
energy, and thence the kinetic energy, does not alter k . On the other hand the k⊥ depends
on the kinetic energy and the photon energy used. These relation provides a good way to
distinguish between two dimensional and three dimensional states. The dispersion of a
generic initial state and a ﬁnal state in k⊥ is sketched in Fig. 2.2(b): the surface state,
does not disperse in k⊥ due to its two-dimensionality. Utilising diﬀerent photon energies
to probe the 2D band results always in the same binding energy. In the case of a three
dimensional bulk state, photons with diﬀerent energies probe states at diﬀerent k⊥ and the
observed binding energy varies. Moreover, the ill-deﬁned k⊥ carries an uncertainty which
is reﬂected as a spectral broadening of the band, making the bulk bands usually broader
than surface states. While this is a convenient way to distinguish bulk and surface states, it
must be remembered that at times bulk states have zero or little k⊥ dispersion, especially
in layered materials, and could be misinterpreted as surface states.
From a practical point of view, to reconstruct the band structure of a solid the photoelectrons are collected along, at least, two angles. An electron analyser discriminates the
electrons according to their energy and emission angles and a 3D intensity map of (Ek (θ,φ))
is built, as sketched in Fig. 2.2(c,d). Finally, through some geometrical considerations and
the mentioned k(θ,Ek ) relations, the map is converted in (EB (k )). Details on the conversion from a real dataset are given in Section 2.1.4. The dispersion of 2D states can be
completely investigated with this method. For 3D bulk states knowledge of the k⊥ dispersion of the state must be retrieved varying the photon energy. The ﬁnal kf⊥ is known from
Eq. 2.4 but, as mentioned, this does not correspond to the ki⊥ inside the solid.
To quantify the k⊥ after the transmission through the surface, we need to make some
assumption on the ﬁnal state inside the solid. The assumption often made is the one of a
free electron ﬁnal state. In this case the electron dispersion is
E f (k) =

2 (k 2 + k⊥ 2 )
2 k2
− |E0 | =
− |E0 | = Ek + Φ,
2m
2m

(2.5)
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where E0 is the bottom of the valence band. Inserting k from Eq. 2.4 one obtains:
k⊥ =

1
2m(Ek cos2 (θ) + V0 ,


(2.6)

with V0 = |E0 | + Φ being the inner potential, the energy of the bottom of the valence band
referred to the vacuum level. V0 is the only unknown parameter. Several ways can be
employed to ﬁnd the correct value. From an experimental point of view it is often easier to
ﬁnd V0 by recursive method. One can identify the high symmetry points in the dispersion
in photon energy, whose distance in k-space is known. Eq. 2.6 is then used employing V0 as
a free recursive parameter until the distance between the two high symmetry points equals
the calculated one [52]. This approach is widely used and allows for a good identiﬁcation of
the k⊥ dispersion, even when the assumption on the ﬁnal state is not necessarily correct.

2.1.3

Spectral shape and quasi particle eﬀects

The photoemission spectrum not only provides information about the band structure of the
material but it can also give an insight in the many body eﬀects inside the solid, opening
the gate to the vast world of solid state quasi particles. We owe this to the interaction that
the photoemitted particle has with its surroundings. Every time the electron is ejected
a photoelectron/photohole pair is generated and the system is left behind in a perturbed
state. In order to understand how to quantify many-body interactions in the system, we
need to look at the expression of the photoemission intensity.
The photoemission transition probability can be described via Fermi’s golden rule as
expressed in Eq. 2.2. We make now the assumption that, in the time it takes to the electron
to escapes the crystal, the system do not relax; this is called sudden approximation. This
assumption is not necessarily valid but strongly simpliﬁes the problem. Its validity holds
better for high energy photoelectrons. We can now write ﬁnal and initial states as ΨN
f (i) =
−1
−1
. K is an antisymmetry operator, ΨN
is the ﬁnal state wave function of
Kφkf (i) ΨfN(i)
f
the system left with N-1 electrons and φf is the wave function of the photoelectron with
momentum k. The initial state is factorized into the one electron orbital φki and the
−1
−
N
= c−
remaining (N-1) term ΨN
f
k Ψi where ck is the electron annihilation operator. The
intensity of the ARPES signal is expressed as



|<

φkf |H|φki

f,i

=

2

>|


f,i


m

I(k, Ekin ) ∝ wf,i ∝
N −1
−1 −
N −1
| < ΨN
> |2 δ(Ekin + Em
− EiN − hν) =
m |ck |Ψi

k 2
|Mf,i
|



N −1
|sm,i |2 δ(Ekin + Em
− EiN − hν) =

m

=



k 2
|Mf,i
| ∗ A.

(2.7)

f,i

Mkf,i is deﬁned as the single particle matrix elements while |sm,i |2 is the probability to
remove an electron from the i-st state leaving the system in the excited state m. The
matrix elements Mkf,i are responsible for the intensity modulation of the ARPES features
and depend on the energy and polarization of the photon other than on the electron states.
A is the so called spectral function and incorporates the sum over all possible states of
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Figure 2.3: Eﬀect of the self energy on the spectral function of a linearly dispersing band. On the left:
model spectral function where the self energy tends to 0, the dispersion is just a single line. The Energy
Distribution Curve (EDC) shown in the inset is taken along the blue dashed line. The proﬁle tends to a
Dirac function around the value of the bare energy (k). In the middle: The imaginary part of the self energy
is set to a ﬁnite value, while the real part is set to zero. The dispersion is again equal to the bare energy but

the spectral feature is broadened by Σ and the EDC assumes a Lorentzian shape peaked around (k). On


the right: Σ has ﬁne value and Σ has the arbitrary Gaussian shape shown on the right side. The eﬀect

of the real part of the self energy is to renormalise the energy dispersion with an oﬀset equal to Σ . Note


that this is a simpliﬁed example with arbitrary values, Σ and Σ are actually related by Kramers-Kronig


transformations and when Σ depends on ω the same is true for Σ .

excitation; the energy conservation is expressed by the Dirac delta. For a single noninteracting particle the sum over all possible ﬁnal states m is reduced to the only term where
N −1 = ΨN −1 , leaving a single delta function around the electron binding energy. This is
Ψm
i
not the case when many-body eﬀects play a role [47]. The photoemission is probing not only
the electron but also the photohole state left behind. The overlap integral |sm,i | assumes
ﬁnite values for the many eigenstates m, resulting in a broadening of the lineshape. The
spectral function in Eq. 2.7 can be expressed according to the Green function formalism of
many-body systems. Considering the one-electron Green function G(k,ω) it can be derived
that A =-(1/π)ImG(k,ω) with electron energy ω. The spectral function formula can be
rewritten in terms of a self energy, leading to the convenient expression
A(E, k) =

|Σ (ω, k)|
1
.
π [ω − (k) − Σ (ω, k)]2 + Σ (ω, k)2

(2.8)

Here we express the real and imaginary part of the self energy as Σ’(ω,k) and Σ”(ω,k)
respectively and the single particle dispersion (k).
The picture here is the one of a particle of (bare) energy (k) which becomes “dressed”
with a self-energy caused by the interaction with the environment. The “dressed” particle
can be treated as a single quasi-particle. To understand the role of the self energy on the
spectral features we look at Fig. 2.3 where the same model band with linear dispersion
is shown in three diﬀerent cases. For a non-interacting system both contributions to the
self-energy are vanishingly small and the band looks like a simple line. The intensity
proﬁle along the cut shown with a blue line is plotted in the inset. This is a simple
delta function as discussed previously. By adding a ﬁnite Σ”(ω,k), the spectral feature is
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broadened. The shape is a Lorentzian peaked around the bare energy (k). The full width
half maximum (FWHM) is equal to 2Σ”(ω,k) [53]. Σ”(ω,k) and the spectral width are
inversely proportional to the lifetime of the state, the broader the feature the shorter the
lifetime. The imaginary self-energy contains contribution from electron-electron, electronphonon and electron-impurity interactions. When a ﬁnite real part of the self energy,
shown in Fig. 2.3 on the right having an arbitrary Gaussian proﬁle in energy, is added to
the system, the dispersion (and with it band velocity, curvature etc..) is changed respect
to the bare energy. Σ’(ω,k) acts as an oﬀset in the peak position renormalizing the particle
dispersion into the quasi-particle one. This usually translates into kinks of the dispersion
as seen for graphene, high temperature superconductors and many others [53–57]. Real
and imaginary part of the self-energy are actually not independent but they are related to
each other through the Kramers-Kronig relation.

2.1.4

Acquiring and analysing ARPES Data

Experimentally, ARPES is performed in ultra high vacuum (UHV) chambers. The vacuum
conditions are necessary to maintain the sample surface in a “clean” state, meaning that the
amount of adsorbate and contamination must be minimized at the surface. Furthermore
the electron trajectory in vacuum is usually several centimetres long and UHV is required
to prevent electron scattering in the rest gas, as well as UV-light absorption. The ARPES
setup requires the following three components: a light source, a sample and an electron
analyser with a detector. The source provides high brilliance and monochromatic light.
Discharge lamps and laser light are commonly used in laboratories; both provide radiation
in the low UV range. The downside of these sources is the impossibility to tune the photon
energy. To solve this problem, the use of synchrotron radiation is necessary.
The sample must satisfy strict conditions as well: the sample must be a single crystal
and the surface must be “clean” and ﬂat. The presence of multiple domains mixes diﬀerent
emission angles in a single trajectory, potentially erasing any information about the crystal
dispersion. The surface must contain minimum amount of adsorbates, steps and defects that
can scatter the outgoing photoelectrons. Imperfections of the surface result in increased
background in the spectrum. In order to have a clean surface the sample must usually be
treated after being inserted in the vacuum chamber to remove contaminations from exposure
to air. Standard methods to clean the surface are annealing, sputtering the surface with
energized ions and in vacuum cleaving. Cleaving removes a layer of material form the top
of the sample exposing a brand new surface. When done in UHV the new surface will only
experience UHV atmosphere. For samples that can exfoliate very easily the scotch tape
technique might be used, where a simple piece of scotch tape is attached to the sample
surface in such a way that it can later be removed inside the vacuum chamber. When
removed, some layers of material are cleaved away resulting in a shiny surface. An other
employed method is the top-post technique. A small post of ceramic or metal is glued on
top of the sample surface; this is later knocked out in vacuum. If the bond to the glue is
stronger than the inter-layer bonding strength, the sample is cleaved.
The photoemitted electrons are collected by an analyser. The task of the analyser is to
discriminate the electrons based on their kinetic energy and angle of emission. At the end
of the analyser a detector is placed to count the single electronic events. Diﬀerent types
of analyser are on the market with speciﬁc properties. The most widely used, and the one
used throughout this thesis, is the hemispherical analyser.
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Figure 2.4: Sketch of an hemispherical electron analyser and related geometry (a) Electron trajectory
along the dispersive plane. Electrons are discriminated by their kinetic energy. (b) Electron trajectory in
the non-dispersive plane. Only electrons within the acceptance angle range 2β are measured. (c) Sample
geometry: the measured angular range φ is in the same direction as the tilt angle α. The polar angle θ is
rotated to acquire 3D maps. (d) Example of an intensity image plot as a function of energy and angle φ
on the two dimensional detector. EDC and MDC plots are shown on the right. Figure adapted from Refs.
[38, 58].

The working principle of the hemispherical analyser is the following: electrons are collected thanks to a set of lenses in a certain acceptance angle. The lenses voltages can be
tuned to change the acceptance angle. The electrons pass through an entrance slit oriented
along the direction of the acceptance angle φ, as presented in Fig. 2.4. The hemispherical analyser design can be projected in two perpendicular planes. In the non-dispersive
plane the electrons, coming from the entrance slit, are transmitted to the other side of
the hemisphere reversing the entrance position on the slit, thus transmitting information
of the emission angle to the end. Along the dispersive plain the electrons are discriminated in energy. The particles pass in between two metal hemispheres. A tunable electric
ﬁeld is imposed between these and the charged particles are forced in a circular trajectory.
Depending on their initial kinetic energy the trajectory radius will be diﬀerent. At the
end of the hemisphere, electrons with diﬀerent energy, within a deﬁned energy range, are
found at diﬀerent positions. In order to tune energy range and resolution the electrons
are pre-emptively accelerated/slowed before entering the entrance slit. At the end of the
hemispheres a 2 dimensional electron multiplier is placed to map on a phosphorous screen.
The image is acquired by a CCD camera. The image is a 2D picture of energy dispersion
along the acceptance angle φ (see Fig. 2.4(d)). The image must be corrected, a posteriori
for energy and angle aberrations. In order to obtain the momentum components parallel
to the surface it is important to look at the setup geometry. For the geometry represents
in Fig. 2.4, representative of the data acquired for this thesis, φ is the acceptance angle, α
is the tilt angle and θ the polar angle. If the scope of the experiment is to recreate a 3D
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map of the dispersion inside the crystal or a Fermi surface, the sample must be rotated by
a second angle orthogonal to φ. In this geometry the sample can be rotated along a second
angle, θ, to acquire a, so called, angular scan. Concatenating Ek (φ) images for diﬀerent θ
angles, a 3D map is constructed. The angles must be transformed in the reference frame
of the analyser and the momentum relations for this geometry are deﬁned as:


kx =

2mEk
[cos(α) sin(φ) − sin(α) cos(φ) cos(θ)],
2

(2.9a)

2mEk
cos(φ) sin(θ).
2

(2.9b)



ky =

If the ARPES system is placed at the end of a beamline it is possible to perform “energy
scans” where the photon energy is varied instead (or in addition to) the θ angle. With the
energy scan is possible to reconstruct the dispersion along the component of the momentum
perpendicular to the surface, as explained in Section 2.1.2.
Looking at the ARPES image is useful for understanding the band structure from a
qualitative point of view. For a more quantitative analysis a useful approach is to take intensity line proﬁles. Proﬁles taken along the energy direction with constant k are commonly
called Energy Distribution Curves (EDC); lines in the momentum direction at constant energy are called Momentum Distribution Curves (MDC). For weakly interacting systems the
intensity of a 2D ARPES spectrum along the energy direction has the shape of a Lorentzian
(the spectral function) convoluted with a Gaussian proﬁle derived from the instrumental
resolution,
k 2
| f (ω) ⊗ G(Δω) + B(ω),
(2.10)
I(ω, k) ∝ A(ω, k)|Mf,i
k are the intensity matrix elements derived from Fermi golden rule, f (ω) is the
where Mf,i
Fermi-Dirac function, G(Δω) is the Gaussian energy resolution and B(ω) the background.
In the presence of strong kinks in the dispersion, in strongly interacting systems, the EDC
proﬁles displays satellite features due to the presence of the excited states created in the
photoemission process [47]. The intensity proﬁle along the momentum directions is always
the one of a Lorentzian, whose width depends on the EDC width and the band dispersion
(its slope), convoluted with the angular resolution Gaussian. The momentum resolution
depends both on the angle and energy resolution. The distribution curves might be ﬁtted
with Voigt proﬁles plus a background to obtain the spectral feature parameters. Tracing
the peak location allows to quantify the band dispersion. Width and intensity provide
information on lifetime and matrix elements eﬀects.

2.1.5

The beamlines: SGM3 at ASTRID and ASTRID2

The ARPES experiments presented in this thesis have been acquired at the SGM3 beamline
at Aarhus STorage RIng in Denmark (ASTRID) and ASTRID2. The experiment described
in Chapter 4 is performed at the i05 beamline at Diamond light source.
A synchrotron is a particle accelerator where particles are forced to circulate in a loop. In
synchrotrons used for radiation production bunches of electrons are injected and accelerated
in the storage ring. Here the particles can be further accelerated and maintained at ﬁxed
energy. Every time the electron passes through a magnetic ﬁeld its trajectory bends and
electromagnetic radiation is produced. The electron energy is restored thanks to radio
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frequency cavities placed along the ring while the radiation is collected in beamlines where
it is monochromatised and delivered to the experimental end station.
ASTRID is a small low energy synchrotron in Aarhus University. The electron energy
in the ring is 580 MeV, the electron current is up to 200 meV. In the year 2014 a new
ring ASTRID2 was commissioned and the beamlines where moved to the new synchrotron.
ASTRID is still in use as a booster ring that pre-accelerates electrons and feeds ASTRID2
with top-up injections. ASTRID2 improved the performance respect to ASTRID in terms
of lifetime and emittance, eﬀectively reducing the beam spot size [59]. The components of
the SGM3 beamline at ASTRID and ASTRID2 are similar, a drawing of the beamline in
ASTRID2 is shown in Fig. 2.5. The insertion device is an undulator, a series of coupled
magnets that force the electron in a “zig-zag” trajectory creating coherent polarized light.
The light is focused via a set of mirrors and slits and monochromatised by a spherical
grating mirror. A last toroidal mirror conveys the light in the end station and, ultimately,
on the sample. The photon energy from the beamline can be varied from 14 eV to 150 eV.
The experimental end-station at SGM3 also underwent major developments during the
synchrotron upgrade. The end station at ASTRID was composed of two major vacuum
chambers, a Preparation chamber (PC) and a main chamber (MC). The PC design is
optimized for sample treatment: Ar/Ne sputter guns are used to clean the sample surface,
a mass spectrometer used to analyse the rest gasses. An horizontal manipulator can hold
and transfer the samples and it hosts a cooling stage as well as a tungsten ﬁlament for
electron bombardment, it covers a temperature range of 140-1600 K. Evaporators can be
placed in the chambers for sample growth or surface doping. The MC hosts Low Energy
Electron Diﬀraction (LEED) optics for surface structure analysis, and a commercial electron
hemispherical analyser SPECS Phoibos 150, used for photoemission. The light enters form
the beamline and hits the sample held in place by a vertical manipulator equipped by a
close cycle cryostat and a heating ﬁlament as well. The manipulator has ﬁve axis, the polar
angle is motorized to make angular scans while translational axis and the tilt are operated
manually (see Fig. 2.5(d)). After the upgrade to ASTRID2 the end station (Fig. 2.5(c))
has been equipped with an additional chamber on the opposite side of MC, optimized
for MBE growth. This chamber is furnished with a set of electron beam epitaxy (EBE)
evaporators on the bottom, as well as gas lines, a heating stage and a reﬂection high energy
electron diﬀraction (RHEED) setup used to control thin ﬁlm growth. Moreover in the PC
a Aarhus-style scanning tunnelling microscope (STM) [60] is mounted. The combination
of all these surface technique allows for growth, structural and electronic characterization
of samples.
The sample plates used are rigid tantalum or molybdenum plates with the shape shown
in Fig. 2.5(e). Depending on the kind of sample, samples are either ﬁxed with clips and
stripes or glued with conductive epoxy glue. A thermocouple is mounted on the back of
the plate for an accurate determination of the temperature.

2.2

Scanning tunnelling microscopy and spectroscopy

Scanning Tunneling Microscopy (STM)/ Spectroscopy (STS) is one of the most exploited
techniques in surface science, very well known for the ability of acquiring images of single
atoms. Its potential goes way beyond the simple surface topography: STM/STS provides
real space information of the electron density of states at a very local level. Moreover it

28

Chapter 2. Experimental techniques

(a)

SGM

(b)
Sample
EnS
Undulator

(c)

HFM

ExS

VFM

Beamline

LFM

Main Chamber
SPECS
Phoibos 150

(d) manipulator

LEED

Prep. Chamber
PC manipulator

RHEED

(e)

manipulator
Load Lock

STM

Sample
plate

MBE chamber

Figure 2.5: (a) Design of the synchrotron facility at Aarhus university. The smaller square-shaped ring
(ASTRID) functions as booster ring for ASTRID2. (b) Schematics of the SGM3 beamline: the insertion
device is an undulator, the light is focused and directed by an horizontal focusing mirror (HFM) and a
vertical focusing mirror (VFM) through the entrance slit (EnS). The radiation frequency is selected by the
monochromator (SGM) and directed through an exit slit (ExS) on the toroidal last focusing mirror (LFM),
where it is reﬂected onto the sample. (c) Experimental setup of the end-station at the SGM3 beamline.
The system revolves around three main vacuum chambers. LEED, RHEED, STM, EBE evaporators, a
mass spectrometer and a SPECS Phoibos 150 electron analyzer allow for a thorough investigation of sample
surfaces. (d) Photo of the 5-axis manipulator in the main chamber. (e) Photos of the sample plates used at
the end station. A thermocouple is mounted on the back.
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can also provide magnetic, vibrational and chemical information.
An atomically sharp tip is approached close to the sample surface (few Å distance), a
voltage is applied between the sample and the tip, electrons can tunnel across the potential
barrier and a tunnelling current is recorded. Electrons tunnel from/to the tip to/from
the sample with ﬁnite probability
of transmission T ∝ exp −2k  L. L is the space between

sample and tip and k  = −i 2m(E − Vp )/h̄2 with potential barrier Vp >E. The tunnelling
current is hence proportional to the tip-sample distance and thus to the surface height,
allowing to indirectly record topographic information. A full description of the tunnelling
process requires full knowledge of the state of the sample and of the tip. The tunnelling
current I is expressed as
I∝

eV

ρt ρs (E, r0 )|Mt,s,z,E |2 dE,

(2.11)

0

where E is the electron energy and ρ is the density of states (for tip and sample). The
exponential decay is hidden in the Matrix elements |Mt,s,z,E |. In Fig. 2.6(a) the tunnelling
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Figure 2.6: (a) Schematics of the tunneling process between tip and sample. Electrons can tunnel from the
metal negatively biased to the metal positively biased (b) Schematic of the setup of an STM: an atomically
sharp tip is scanned on the surface of the sample thanks to a piezo-scanner. The tunnelling current is
recorded as a function of (x,y) position. (c) Quasi particle interference on the surface. An electron with
momentum k scatters on an impurity into a state with momentum k’ with scattering vector q. The two
electron waves interfere creating a modulation of the LDOS around the impurity. The wavelength of the
modulation is λ = 2π/q. (d) Diﬀerential conductance map of the copper surface, performing the Fourier
transform passes from the real space to the k space of scattering vectors. Images from Ref. [61].

mechanism is shown. When the bias imposed on the sample is positive the electrons tunnel
from the tip to the sample, while, if the bias is negative, the direction is inverted.
The tip can be moved on top of the surface to record a 2D image of the tunnelling current
as a function of real space coordinates. As schematic representation of the experimental
setup is sketched in Fig. 2.6(b). The tip has three translational degrees of freedom, it
is moved by a piezoelectric scanner in the x,y plane and on the vertical z-direction. The
piezo-scanner allows ultra precise movement controlled by a simple voltage. The tunnelling
current is used in a feedback loop with the z-piezo to adjust the vertical position. The
STM is mainly run in constant current mode (recording zV,I (x,y)) and constant height
mode (recording Iz,V (x,y)).
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The STM does not detect the atoms per se but the local electron density of states
(LDOS). This means that the topographic information (which is given by the tip-sample
distance) is superimposed onto a purely electronic one.
In order to obtain more detailed knowledge about the electronic structure utilizing the
STM setup, scanning tunnelling spectroscopy is employed. To record the LDOS at ﬁnite
energy, LDOS(E), the diﬀerential conductance must be recorded. By diﬀerentiating the
intensity from Eq. 2.11 at constant energy E = e·V and assuming ρt to be constant we
obtain

eV
d(|Mt,s,z,E |2 )
dI 
2
dE.
(2.12)
∝
eρ
(eV
)|M
|
+
e
ρ
E
s
s
t,s,z,eV
dV eV
dV
0

The ﬁrst term is directly proportional to the sample LDOS while the second depends on
the variation of tunnelling probability with the energy. The eﬀect of the second term is
usually minimized by plotting the results in terms of (dI/dV)/(I/V) vs V [62, 63].
Diﬀerential conductance maps are acquired by recording the dI/dV signal over a wide
region. This is a map of the LDOS(E). Most frequently the spectra are recorded at the
same time as the topography by imposing a high frequency oscillating voltage signal; the
corresponding current signal in phase with the voltage is then ﬁltered by a lock-in ampliﬁer.
If the surface presents some defects or steps the LDOS maps can manifest the so-called
Quasi-Particle Interference (QPI) eﬀect: When an electron travelling on the surface of the
material is scattered by an impurity the electron wave of the incoming electron can interfere
with the outgoing particle creating a Friedel-like modulation in the local density of states
that appears like “ripples” in the LDOS signal (see Fig. 2.6(c)).
More formally: The local density of states is
LDOS(E0 ) =



|Ψk (r)|2 δ(E − E0 ),

(2.13)

k

where Ψk (r) = uk eik·r is the Bloch wave function at k. When the Bloch electron is scattered
it goes from a state |k to a state |k’. the resulting wave function will be a mixed state of
k and k’ as a linear combination of the two primitive Bloch states
Ψk,k’ (r) = aΨk (r) + bΨk’ (r)
LDOS(E0 ) = |Ψk,k’ (r)|2 = |a|2 |uk |2 + |b|2 |uk’ |2 +

+ab∗ uk u∗k’ exp(i(k − k’) · r) + a∗ bu∗k uk’ exp(i(k − k’) · r).

(2.14)

The ﬁrst two terms correspond to the lattice periodic modulation of the LDOS. The
last two terms are oscillating functions with wavelength λ=2π/(k’-k) (this can be easily
seen by assigning real values to a and b and the lattice periodic functions, reducing the last
terms to a cosine function). A full treatment of the electron screening reveals an asymptotic
behaviour of the amplitude of the oscillation for r → ∞ [64].
Probing the LDOS by STS it is possible to visualize the QPI standing waves around
the impurities. Fig. 2.6(d) presents one example, the LDOS map for the surface of copper.
Small oscillations of the density of states are found around the impurities. By Fourier transforming the spectroscopic image one obtains a map of the frequencies of the oscillations.
These frequencies correspond to the magnitudes of the scattering vectors of the electronwaves. If the constant energy contour (CEC) of the material band structure is known it is
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possible to relate the QPI wavelengths to the possible scattering vectors. This approach
provides very local information about the static electronic structure of the surface and also
the electron dynamics, identifying the possible scattering processes. Indirectly information
of the spin-texture of the states can also be retrieved [65]. By varying the applied bias one
can obtain the QPIs in a large range of energies to reconstruct the band dispersion. This
technique is in principle very powerful and presents some advantages respect to ARPES:
local informations, access to unoccupied states and scattering dynamics information. On
the other hand the interpretation of the FT-STS data can be a very arduous task.

Part II

Results and Discussion
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Chapter 3

Bulk band structure of Bi2Te3
3.1

Bismuth chalcogenides topological insulators

Bismuth chalcogenides Bi2 Se3 and Bi2 Te3 are without any doubt the most well known
and extensively studied topological insulators [33, 66, 67]. Thanks to these materials the
experimental, and theoretical, work on TIs exploded in the last ﬁve years with over 3500
articles published [68]. The success of bismuth chalcogenides is attributable to their simple
topology and the ease of access to clean surfaces. Bi2 Se3 , Bi2 Te3 and their alloys share the
same structure and topology. For this purpose we generalize referring to Bi2 X3 to those
bismuth chalcogenides Bi2 Te(3−x) Sex with 0 ≤ x ≤ 3 for the following discussion. Bi2 X3
has tetradymite crystal structure, a rombohedral lattice with space group R3̄m typical
of metal calchogenides [69]. Alternatively consider the hexagonal supercell whose [001]
direction corresponds to the [111] direction of the primitive rombohedral cell (we will still
refer to the rombohedral directions throughout the text). The structure possesses inversion
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Figure 3.1: (a) Crystal structure of Bi2 X3 : It is formed by stacking of quintuple layers separated by weak
Van der Waals gaps. The vectors a1 , a2 , a3 are the lattice vectors of the primitive cell, ah , bh , ch are the
lattice vectors of the hexagonal cell. (b) Low energy band structure of Bi2 Se3 (left), Bi2 Te2 Se (centre) and
Bi2 Te3 (right) from ARPES measurements.
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Bi2 Se3
Bi2 Te2 Se
Bi2 Te3

ah =bh (Å)
4.138
4.28
4.383

ch (Å)
28.64
29.86
30.487

Δgap (eV)
0.32
0.28
0.14

Table 3.1: Experimental lattice constants of the hexagonal supercell and band gap values for Bi2 Se3 ,
Bi2 Te2 Se, Bi2 Te3 . From Ref. [70].

symmetry, simplifying the topology calculations. Inspection of the modelled structure in
Fig. 3.1 reveals the layered structure of the material. A sequence of quintuple layers (QL)
[X-Bi-X-Bi-X] pile up along the [111] direction exposing only the chalcogenide X at the
top and bottom. Stoichiometric compounds Bi2 Te2 Se (Bi2 Se2 Te) have ordered structures
where Te (Se) sits exclusively in the terminal layers while Se(Te) sits in the middle of the
QL. The quintuple layers are held together by strong covalent bonding while only Van der
Waals interactions act in between QLs generating a weak inter-QL bonding. For this reason
the (111) is by far the most relevant surface in Bi2 X3 TIs: the weak Van der Waals bonding
makes it easy to expose a clean (111) surface with simple cleaving techniques. Structural
parameters and band gap value for Bi2 Se3 , Bi2 Te2 Se, Bi2 Te3 can be found in Tab. 3.1.
The band structure topology of these materials is quite simple, and the parity eigenvalues in the bulk Brillouin zone were already shown in Fig. 1.5(a). There is a single
band inversion at the bulk Γ point, leading to a non-trivial topology (ν = 1). The strong
spin-orbit coupling derives mostly from the bismuth atoms contribution, because of its high
atomic number. Throughout the text, we will only consider the (111) surface, all the other
surfaces are expected to retain the same topology but with diﬀerent symmetry considerations [71]. The projected surface Brillouin zone has hexagonal shape; high symmetry points
are found at the centre (Γ̄), at the corners (K̄) and at the mid-point of the edges (M̄ ). A
single topological state is found around Γ̄ crossing the energy gap. ARPES images of the
low energy band structure of Bi2 Se3 , Bi2 Te2 Se, Bi2 Se3 are shown in Fig. 3.1(b). At high
binding energy the valence band has a M-like shape; the conduction band (CB) drops below
the Fermi level, an intrinsic n-doping that is usually due to chalcogenide vacancies. The
doping eﬀect is particularly strong for Bi2 Se3 while the bulk carrier concentration can be
tuned to ≈ zero for the two tellurides. The topological state sits in the band gap, connecting the two bulk bands. Only the upper Dirac cone is visible because the state merges
in the bulk valence band (VB) just below the Dirac point (DP). It was revealed that the
VB maximum for Bi2 Se3 is found at Γ̄, creating a direct gap, and has hole-like character
[72]. The Dirac point sits just above the valence band maximum (VBM). Contrarily the
TS in Bi2 Te2 Se and Bi2 Te3 sinks in the bulk VB making the Dirac point inaccessible to
transport. The dispersion of the topological state can always be approximated to a line
close to the Dirac point. Further away from Γ̄ the bands deviate from linearity because of a
combination of spin-orbit interaction and crystal symmetry. This result in a characteristic
trigonal warping of the topological state constant energy contours [73, 74]. The warping
eﬀect is small for Bi2 Se3 and it becomes stronger along the series towards Bi2 Te3 .
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Bi2 Se3 and Bi2 Te3 are considered prototypical TIs. Despite the many similarities there
are also several signiﬁcant diﬀerences when looking at the band structure. It has been
shown and explained how the Bi2 Te3 exhibits a strong hexagonal warping eﬀect on the TS
[73]. This eﬀect, even if present, is much weaker for Bi2 Se3 . On a second look, the bulk
band structure of these materials can be quite diﬀerent as well. Of particular interest are
the bands closest to the Fermi level. The nature of the gap for Bi2 Te3 is still subject of
debate with controversial results both in theory and experiments [75–77]. To resolve this a
good match between theory and experiments is strongly desirable. Ab initio calculations of
topological insulators have mainly been performed using local density (LDA) or generalized
gradient (GGA) approximations of density functional theory (DFT). These approach allows
the study of bulk band structure as well as the surface band structure, which attracted the
most interest in these materials. While these approaches, with the necessary inclusion of
spin-orbit coupling, gave good agreement with the experimental results for the topological
surface state [66, 78], they seem to fail in reproducing correctly the low energy bulk states.
In particular the concave shape of the top valence band and bottom conduction band,
classic feature of the SOC induced band gap, seem to be exaggerated. The band gap size
is underestimated by LDA instead.
To address this issues we combine a thorough ARPES study of the bulk band structure
of Bi2 Te3 with DFT calculations performed in the LDA approximation with inclusion of
the GW correction [79, 80]. The GW correction takes care of the quasi-particle corrections
to the energy spectrum and it has been shown how this compares better to photoemission
experiments [75, 81], and in particular it seem to better describe shape and size of the
band gaps in TIs [72, 75, 77, 81–86]. The description of the bulk band dispersion through
ARPES requires to acquire photoemission spectra using diﬀerent photon energies. The
photon energy can be transformed, using some assumptions, into k⊥ coordinates [87] as
described in chapter 2.
ARPES spectra have been acquired at the SGM3 beamline at ASTRID. The Bi2 Te3
sample was cleaved in vacuum (∼ 10−8 mbar) with the scotch tape technique. The sample
was rotated such that the data are acquired with the two high symmetry directions Γ̄M̄
and Γ̄K̄ along the non dispersive plane of the analyser. The photon energy used spans from
14 eV to 32 eV. In this low-mid energy range the mean free path of the electrons is in the
order of 5-15 Å. While this is indeed a surface sensitive technique the tail of the bulk wave
function extends well onto the surface making it accessible to direct investigation.
The conversion from photon energy to k⊥ has been done with the assumption of a
free electron ﬁnal state. This assumption might as well be not accurate but a wrong ﬁnal
state will only stretch the k⊥ scale, but it will not inﬂuence the conclusions we draw. In
particular bandwidths and the binding energy of critical points, used for the calibration of
V0 , are not aﬀected. The inner potential V0 has been chosen as a ﬁtting parameter: we
identiﬁed the Γ and Z points in the photon energy scans thanks to strong k⊥ dispersion
of the low energy states; V0 was chosen such that the Γ point is at k⊥ value multiple of
the Brillouin zone extent in the perpendicular direction and such that the Γ–Z distance
corresponds to the actual value. V0 is unequivocally determined to the value of 1 eV.
The LDA and GW calculations were performed within the all-electron full-potential
linearised augmented-plane-wave (FLAPW) formalism using the codes fleur [88] and spex,
[89] respectively. The SOC was incorporated self-consistently employing the second vari-
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ation technique [90]. The SOC eﬀects are not applied as a posteriori correction but it is
rather taken into account in the reference system allowing for the self energy to renormalise
the SOC itself [83]. The quasi particle equation in the basis of the LDA single-particle
states is here solved explicitly, taking into account the oﬀ-diagonal elements of the selfenergy. This already proved to describe more correctly the top valence band of Bi2 Te3 in
Ref. [86]. The complete description of the calculation methods used for the following work
can be found in Ref. [4]
The Bi2 Te3 samples were grown in Soares group at Universidade Federal de Minas
Gerais, ARPES experiments and analysis were made by the author, DFT calculations were
carried out by Irene Aguilera in Blügel group at Forschungzentrum Jülich.

3.2.1

The calculated band structure: LDA vs GW

In Fig. 3.2(a) the bulk band dispersion of Bi2 Te3 , calculated by LDA with and without
GW correction is shown along the the Γ–Z-F-Γ–L line. The Figs. 3.2(b) and (c) show the
band structure projected on the (111) surface. The energy scale of all the calculations has
been rigidly shifted downward of 0.13 eV to ﬁt with the experimental data. Since this is
a bulk band structure calculation the surface states are here not present. In the Fig. 3.2
green circles, called A, B, C, emphasize the three main diﬀerences between LDA and GW :
A denotes the diﬀerences in dispersion and binding energy at Γ and Z for the upper valence
band (VB1) and the lowest conduction band (CB1). B remarks the diﬀerence in the size
of the projected band gap below the VB1, the size of which is much higher in GW . C
addresses the nature and size of the energy band gap. While LDA shows an almost–direct
band gap along the Z-F line, GW reallocates the CBM along the Γ–Z line and generates a
larger band gap. It should be noted that our calculated band structure diﬀers from what
was seen by other studies [81], especially in the shape of the VB1 where GW does not
pertain the M-shape. This diﬀerence is due to the a posteriori inclusion of the SOC in Ref.
[81].

3.2.2

ARPES vs DFT

Fig. 3.3 shows the ARPES spectra acquired around Γ̄ along the two high symmetry directions Γ̄M̄ and Γ̄K̄ for the freshly cleaved Bi2 Te3 at three diﬀerent photon energies. In the
three panels the band structure of the seventh Brillouin zone at Γ (a), Z (c) and a point
in between (b) are shown. The diﬀerent photoemission intensities along the two directions
is due to matrix elements eﬀects connected to the spin-orbital character of the states. The
topological state is visible in the gap assuming the usual Dirac-cone shape, this assesses the
quality of the sample and of the cleave. Below the Dirac cone there is the M-shaped upper
valence band (VB1). At the bottom there is a very intense V-shaped state that here we
argue is a surface state of Bi2 Te3 . Finally at the Fermi level some spectral intensity reveals
te presence of the lower conduction band (CB1) between the TS branches. The presence of
the CB below the Fermi level is symptomatic of the n-doping of the bulk Bi2 Te3 , possibly
due to tellurium vacancies in the crystal [91]. While the VB1 and the CB1 show dispersion
in k⊥ , the topological state and the surface state do not show dispersion, as expected. The
VB1 at Γ (Fig. 3.3(a)) is signiﬁcantly lower respect to Z (Fig. 3.3(c)). This is better visible
when looking at the k⊥ dispersion at Γ̄M̄ as shown in Fig. 3.4
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Figure 3.2: (a) Bulk band dispersion of Bi2 Te3 calculated by LDA (red) and GW (blue). VB1, VB2
and CB1 denote the bands for which the dispersion is compared to the experimental data. The inset
shows the bulk Brillouin zone and its projection onto the (111) surface. (b) and (c) display the projected
bulk bands of Bi2 Te3 onto the (111) surface along the Γ̄–K̄ and Γ̄–M̄ directions, calculated with LDA and
GW , respectively. The green circles denote the regions A–C that were chosen for a comparison to the
experimental data because the diﬀerences between LDA and GW are maximal.
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Figure 3.3: (a-c) Photoemission intensity from Bi2 Te3 (111) along the K̄–Γ̄ and Γ̄–M̄ directions, for diﬀerent
values of the crystal momentum perpendicular to the surface k⊥ .

Here we identify the Γ and the Z points by looking at the dispersion of VB1 and through
a comparison with the calculated bands. At the Γ point the VB1 reaches a minimum. At
the Z point LDA predicts an energy maximum. On the other hand, the GW correction
smooths down the maximum point resulting in a dip in the k⊥ dispersion at Z. In the
ARPES data the Z point is ﬁrst identiﬁed by carefully ﬁtting both VB1 and CB1 from
2.05 Å−1 to 2.25 Å−1 and locating the symmetrical point.
We look into the three spectral regions A-C where the diﬀerences between LDA and GW
are more relevant. A: After a ﬁrst inspection of Fig. 3.4, looking at the direct comparison
between ARPES data and calculations, it appears that the actual result lies somewhere in
between the two: LDA predicts a larger bandwidth for VB1 and a monotonic increase in
energy. GW on the other hand, narrows the bandwidth and produces the dip at the Z point.
ARPES shows a smaller bandwidth respect to LDA; GW corrects the dispersion in the right
direction but seems to overestimate the renormalisation. The dip in binding energy at Z is
also found in the experimental data. The k⊥ dispersion at Γ̄ of the CB1 shows also strong
diﬀerences between the two theoretical approaches: both LDA and GW ﬁnd a conduction
band minimum between Γ and Z (at k⊥ =2.06 Å−1 and 1.99 Å−1 , respectively). The main
diﬀerence is at the high symmetry points where the GW predicts a higher binding energy at
Γ with respect to LDA, but it is much lower at the Z point, resulting in a larger bandwidth.
Conveniently we can see part of the conduction band in the photoemission experiment
because of the n-doping. Indeed the experiment seems to reproduce the presence of a
minimum between the two high symmetry points at k⊥ =2.035 Å−1 , and this seems to be
replicated in the next Brillouin zone. Nevertheless the CB1 is dispersing above the Fermi
level and we only see the tail of the CB spectral function. The dispersion in the unoccupied
states and the strong matrix elements eﬀects on the photoemission intensity at diﬀerent
photon energies (and therefore at diﬀerent k⊥ ) make it impossible to precisely reconstruct
the energy dispersion at the Brillouin zone edge.
B: The region around Γ̄ between the ﬁrst and the second valence band (VB2) is distinctly
diﬀerent in LDA and GW , where the projected gap between the two valence bands is much
larger in the GW case. This is ascribed to the much smaller gap between VB1 and VB2 at
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Figure 3.4: Photoemission intensity in normal emission as a function of k⊥ , i.e., the dispersion along the
Γ–Z direction with over-imposed band structure calculations along Γ–Z using the LDA (red dashed line)
and GW (blue dashed line) approximations. The position of the bulk Γ and Z points is marked. The Fermi
level of theoretical data is shifted by +0.13 eV with respect to midgap. The labels VB1 and VB2 refer to
the calculations.

the bulk Γ point for LDA. Further towards K̄ and M̄ the gap is dictated by the dispersion
of the VB2 at the Z bulk point. We compare the two scenarios with the experiments by
plotting the experimental and theoretical dispersion at the Γ bulk point in Fig. 3.5. The
VB1 is well visible in the ARPES data. The energy of VB1 close to normal emission seems
again to stand between LDA and GW . The VB2 is not clearly visible and it appears to
be dispersing at higher binding energies. Instead a very intense V-shaped state is visible
in that spectral region. This is not to be confused with the VB2. As it can be seen in
Fig. 3.3 the V-state does not show any dispersion in k⊥ but merely diﬀerent intensity, as
conﬁrmed by ﬁtting the dispersion at diﬀerent photon energies. The reason why this band
is not predicted by the calculation is because of its surface nature. A similar state has
been found in Bi2 Se3 and Sb2 Te3 thanks to surface calculation within LDA [92–94]. In the
case of Bi2 Te3 previous surface LDA studies show a wrong W-shaped state at the surface
[78, 92]. The distortion of this state is symptomatic of the wrong bulk gap in LDA between
VB1 and VB2. The absence of VB2 features in the energy range investigated proves that
the gap is much larger than predicted by LDA, in better agreement with GW . However
the gap is likely to be even larger than predicted by GW . VB2 can be actually seen at the
bulk Z point in Fig. 3.3 at k ≈ 0.17 Å−1 oﬀ normal emission and approximatively 0.9 eV
of binding energy.
C: We now address the nature of the band gap in Bi2 Te3 . The main diﬀerence between
LDA and GW is in the position of the conduction band minimum. Fig. 3.2(b) shows a CBM
out of normal emission, speciﬁcally CB1 drops below the value at Γ̄ for k = 0.145 Å−1
along the Γ̄M̄ direction with the highest binding energy reached at k⊥ = 2.108 Å−1 . This
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Figure 3.5: (a) Photoemission intensity for k⊥ near the bulk Γ point along K̄–Γ̄–M̄ direction with the
calculated band dispersion in the LDA (red dashed line) and GW (blue dashed line) approximations superimposed. Fermi level of theoretical data is shifted by +0.13 eV respect to midgap.

generates a quasi direct gap with the VB1, as plotted in Fig. 3.6(a). The ARPES do not
show any sign of this drop of the CB1. This can be seen by looking of Fig. 3.6(b). Here
the k⊥ dispersion of the CB1 at k = 0.145 Å−1 is plotted. The N and O points in the
Brillouin zone are deﬁned as the projections of Γ and Z on the k =0.145 Å−1 line. The
single intensity streak is non-dispersing and can be assigned to the topological state, while
the CB1 drop is not detected. From the ARPES it is evident that the CBM is found at
Γ̄. This is the same conclusion the GW calculation draws. The VBM is predicted for both
LDA and GW to be out of normal emission at the k⊥ shown in Fig. 3.6. In both cases the
VBM is predicted to be along the Γ̄M̄ direction rather than the Γ̄K̄. This does not ﬁnd
proof in the experimental results where the energy of the VBM along the two directions
is found to be very similar. In better agreement with the experiment, GW opens the gap
wider by pushing the VBM to higher binding energy. The CB is also smoothed by the
quasi-particle eﬀects but not enough to appropriately describe the single-minimum shape
of the CB from ARPES in Fig. 3.6(a). The nature of the gap is a clear evidence of the
eﬃciency of the GW approach. This in fact places the CBM at Γ̄ creating a clear indirect
band gap as observed in the experimental results as well. The size of the gap is 120 meV,
in better agreement with experimental data of 130-170 eV [95–98]. LDA instead predicts
an almost direct band gap of 50 meV out of normal emission as discussed. We point out
that the perturbative one-shot GW approach, that calculates only the diagonal elements
of the self energy, has been shown to give wrong predictions [72], because of the neglection
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of hybridization eﬀects from the oﬀ-diagonal part of the self energy.
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Figure 3.6: (a) Photoemission intensity along the M̄–Γ̄–M̄ direction for the k⊥ value where LDA predicts
the minimum of the conduction band with the calculated band dispersion in the LDA (red dashed line) and
GW (blue dashed line) approximations superimposed. (b) Photoemission intensity for the k value of the
conduction band minimum as predicted by LDA as a function of binding energy and k⊥ . The corresponding
k value is marked in (a) by a vertical dashed line. We deﬁne here points N and O as the projections of Γ
and Z on the k =0.145 Å−1 line. The only discernible feature is caused by the topological surface state.
Fermi level of theoretical data is shifted by +0.13 eV respect to midgap.

3.3

Summary

We investigated the bulk electronic structure close to the Fermi level of Bi2 Te3 . We acquired
ARPES using diﬀerent photon energies to probe the 3-dimensional band dispersion. We
compare the bulk band structure obtained by ARPES with the calculated one using both
LDA and GW approach. The GW demonstrate an overall better agreement with the
experimental results even if still lacking the perfect description. In particular, the quasi
particle eﬀects, incorporated in GW , produce three main eﬀects: increasing the size of the
SOC band gap, smoothing the CB and VB dispersion around Γ̄ conferring a more convex
shape and relocating, as a consequence, the CBM into Γ̄, increasing the size of the projected
band gap below VB1. The comparison with the experimental data demonstrate that these
eﬀects all work in the correct direction (increasing the gap and relocating the band extrema)
even if the magnitude of the correction is not perfect. The better agreement of ARPES
with GW strongly points towards strong many-body eﬀect that renormalise the low energy
band structure in Bi2 Te3 as in other topological insulators [75, 81].

Chapter 4

Surface modiﬁcations and new
electron states in bismuth
tellurides
In Chapter 1 it was seen how in-gap states can exist at the surface (interface) of a semiconductor because of the breaking of the translational symmetry. Interestingly, the same
broken symmetry is required for the Rashba eﬀect to appear, making the creation of Rashba
split states a feasible option. Tailoring the properties of the surface of semiconductors can
pave the way to new electronic physical properties. One way to achieve this is through
surface modiﬁcation.

4.1

Two dimensional electron gasses at surfaces

The surface is particularly sensitive to the change in the local electric potential. It is well
known that a change in the potential at a surface (interface) induces the so-called band
bending. The ﬁrst time the band bending was modelled for the case of the interface between
a metal and a semiconductor [99, 100] where, because of the diﬀerence in the work function,
there is an electron exchange in the contact region. In equilibrium condition the chemical
potential is constant through the interface. This electron exchange provokes the “bending”
of the semiconductor bands [101] (Fig. 4.1(a)). The band bending model applies every
time a charge transfer occurs at the interfaces (surfaces are an interface with vacuum). The
charged interface induces an electric ﬁeld that provokes the rearrangement of the carriers
over a length on the order of the Thomas-Fermi screening length. When a downward band
bending occurs, a surface accumulation of electrons in the depletion layer can be created,
populating metallic states called two dimensional electron gas (2DEG). This can be achieved
by directly applying a gating bias, such as in metal-oxide-semiconductor interfaces.
A 2DEG derives from the conﬁnement of the conduction band of the semiconductor in
two dimensions by the interface potential and behaves as a free electron state conﬁned in
a plane. The 2DEG becomes quantized in discrete levels because of the small conﬁnement
region. The situation is represented in Fig. 4.1(b) where the conﬁnement creates well
deﬁned quantum well states on a surface. The shape of the surface potential V is related
to the charged density (ρ) through the Poisson equation d2 V (x)/dz 2 = −ρ/ 0 r where 0
and r are the vacuum and the relative dielectric constants. Each of these conﬁned states
45
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is quasi two dimensional and disperses at a diﬀerent energy, with the state found at highest
binding energy being in the steepest part of the potential and most localized on the surface
(interface).

(b)

2DEG

(c)
Binding Energy (eV)

Gate

(a)

0.0
0.2
0.4
0.6
0.8
1.0

-0.2 -0.1 0.0 0.1
kx (Å-1)

0.2

Figure 4.1: (a) Sketch of downward band bending, a gate is applied on the material surface creating a
band bending, when the conduction band drops below the Fermi level quantized 2DEGs are populated.
(b) Example of near-surface band bending (blue) with the calculated energy levels and modulus-squared
envelope wave functions of the quantum-conﬁned states (red). After Ref. [102]. (c) ARPES on Bi2 Se3 with
Rb surface doping. Two 2DEGs with strong Rashba splitting are induced on the surface. After Ref. [103].

2DEGs are normally found in semiconductor heterojunctions [104] and are nowadays one
of the fundamental phenomena in semiconductors electronics. 2DEGs are vastly exploited
in transistors components [105] and can display a great amount of exotic properties, such
as superconductivity [106], fractional quantum Hall eﬀect [107] and spin-degeneracy lifting
[102]. While the 2DEG have been well known in semiconductor hetero-structures for long
time, only recently it has been possible to directly resolve the electronic dispersion of
2DEG states. This can be achieved with the use of ARPES combined with the observation
of 2DEGs in very shallow layers of the material [108] or directly on the material’s surface.
Intrinsic 2DEGs on surfaces are have been resolved by ARPES in InAs [109] and InN [110]
and CdO [111]. In alternative a 2DEG can be induced by chemical gating, dosing electron
donor atoms on the surface of the semiconductor in order to induce a local charge transfer
and populate the 2DEG.
This approach was used in previous works on the topological insulator Bi2 Se3 [103].
Interestingly, Bi2 Se3 develops a 2DEG with lifted spin degeneracy because of the Rashba
eﬀect [102, 112], as shown in Fig. 4.1(c). The strong spin-orbit coupling, key ingredient of
topological insulators, pushes the two sub-bands far apart reaching a momentum splitting
of 0.08Å−1 . The value of spin splitting is 4-5 times higher than in the surface state of gold,
placing Bi2 Se3 as optimal candidate for spintronic applications. The 2DEG on Bi2 Se3 is
appropriately described by a simple ﬁrst-order Rashba model for a free electron state.
In this work we investigate the 2DEG on topological insulators Bi2 Te2 Se and Bi2 Te3
by chemical gating using Rb atoms. We ﬁnd that the induced 2DEG is strongly spin split
and the combination of crystal symmetry and Rashba coupling generates an exotic 2DEG
with anisotropic spin-splitting of the bands.
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Figure 4.2: Evolution of the Dirac point of Bi2 Te2 Se with Rb doping. ARPES spectra of the in-gap region
at diﬀerent doping levels are shown. The red lines show the ﬁt of the Dirac cones. On the left: Sample after
cleave. In the middle: Low doping case, the Dirac point is shifted to higher binding energy by 200 meV. On
the right: High doping case, the Dirac point is shifted to higher binding energy by 325 meV with respect to
the freshly cleaved sample.

4.2
4.2.1

Anisotropic 2DEGs on topological insulators
Rb-surface doping of Bi2 Te2 Se

Bi2 Te2 Se samples have been cleaved in UHV conditions at low temperature using toppost technique. The cleaving plane is the (111). Experiments were performed at the
I05 beamline at the Diamond light source. The samples were placed in the measurement
manipulator, cleaved and Rb was dosed on the surface at around 10 K. Depending on
the time of Rb deposition, we could achieve a lower or higher doping level of the surface.
Thanks to its low ionization energy rubidium is a good in-situ n-dopant for the surface,
moreover rubidium was already used in past works on Bi2 Se3 [102, 103] so our choice allows
for a better comparison between the two systems. Bi2 Te2 Se is an optimal TI candidate for
transport measurements and devices; this is due to the low bulk carrier density at the Fermi
level. Diﬀerently from the homologous Bi2 Se3 , Bi2 Te2 Se is less intrinsically n-doped and the
conduction at low temperature can be considered 2-dimensional and passing through the
topological state [113]. Data from two diﬀerent amount of Rb doping are measured. The
photon energy used is hν=21 eV, energy and angular resolution are better than 10 meV
and 0.2◦ , respectively. The photon energy has been chosen to minimize matrix element
eﬀects in the spectral intensity in diﬀerent directions due to the orbital character of the
topological state and the 2DEG. Spectra for the doped cases are acquired with both circular
right and circular left polarized light and the two spectra are summed together simulating
a non-polarized light probe.
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Figure 4.3: Core levels spectra for Rb-doped Bi2 Te2 Se after Shirley background subtraction. On the
left: spectra of single components Bi 5d, Te 4d and Se 3d levels. The doublet is due to spin-orbit splitting
into d 3/2 and d 5/2. On the right: Core level spectrum of Rb 3d core level. Black dots represent the
data points, the purple line is the ﬁtted peaks proﬁle. In green and blue the four components used for the
ﬁtting are highlightened. Green components are attributed to on-surface Rb while the blue are attributed
to intercalated Rb.

The evolution of the low energy spectrum upon Rb adsorption is shown in Fig. 4.2.
The intensity scale has been saturated to better visualize the topological state. In the
left panel the spectrum of freshly cleaved Bi2 Te2 Se around Γ̄ is shown. Above 0.3 eV of
binding energy the valence band assumes the characteristic M-shape. The in-gap state is the
topological state, no sign of conduction band is detected at the Fermi level, conﬁrming the
good insulating behaviour of this material. From ﬁrst inspection, a strong downward shift
of the spectrum upon Rb adsorption is evident. The position of the Dirac point has been
found by ﬁtting the topological state with the k · p model described in Ref. [73] including
anisotropic and isotropic third order terms to take into account of the non-linearity of the
TS far from the DP. The red line shows the shape of the Dirac cone model after ﬁtting.
The k · p parameters are kept for the three cases with no relevant loss of accuracy in the
ﬁtting, showing that the doping acts merely shifting rigidly the state. The rubidium on
the surface acts as a front gate on the sample because of its electron donor quality. In the
low doping case the surface localized topological state is shifted by 200 meV. New spectral
features at the Fermi level are ascribed to the population of conduction band-like states at
the surface, creating a 2DEG. By further doping, the high doping case is achieved. The
DP undergoes a total shift of 325 meV.
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Figure 4.4: Electronic structure of electron doped Bi2 Te2 Se for the low doping case as obtained by
ARPES. (a) Constant energy surfaces at diﬀerent binding energies. (b) and (c) Dispersion along the Γ̄M̄
and Γ̄K̄ directions, respectively. (d) On the top: Fermi contour of electron doped Bi2 Te2 Se. On the bottom:
schematic representation of the Fermi contours. In black the topological state, in blue(light blue) the ﬁrst
2DEG, in red(orange) the second 2DEG.

The acquisition of the Rb 3d core level spectrum, displayed in Fig. 4.3, conﬁrms the
presence of the dopant on the surface. The spin-orbit splitting of 1.5 eV is as expected
[114]. Two doublets, green and blue in Fig. 4.3, are attributed to the diﬀerent chemical
environment the Rb atoms are sitting in. The green peaks are attributed to the atoms
adsorbed on the surface, while the blue components possibly result from the intercalation
of the Rb below the surface, likely in the Van der Waals gap of Bi2 Te2 Se. This eﬀect
was measured and more extensively studied in the case of Rb doping of Bi2 Se3 in Ref.
[103], where it was shown that subsequent annealing would lead to the Rb intercalation
and to the intensity enhancement of the lower binding energy doublet. We obtain a very
rough estimation of the adsorbed Rb amount from the comparison of Rb and Te core level
intensities for the high doping case. This is around 10% of a monolayer.

4.2.2

An exotic 2DEG

The overview of the band structure obtained by ARPES is shown in Fig. 4.4 for the low
doping and in Fig. 4.5 for high doping level. In both cases 2DEGs are induced at the
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surface; a strong spin-orbit splitting clearly splits the 2DEG in two branches. In the low
doping case two 2DEGs are induced. For convenience we enumerate these quantum well
states according to their energy minimum, "ﬁrst 2DEG" being the one that disperses at the
highest binding energy, and so on. Panel (a) shows the evolution of the constant energy
contours at diﬀerent binding energies for the low doping case. It can be observed that the
ﬁrst 2DEG evolves in complex contours inside the hexagon of the topological state. At the
Fermi level this assumes the shape of an hexagon inside a star. Remarkably these contours
arise from the two branches of the same 2DEG. A better insight on the bizarre shape of the
contour can be found by looking at the energy dispersion of the states, shown in panels (b)
and (c) along the two high symmetry directions Γ̄M̄ and Γ̄K̄. Along Γ̄K̄ both 2DEGs have
a fairly parabolic shape, like a free electron state. Along the Γ̄M̄ direction, on the other
hand, the ﬁrst 2DEG strongly diverges from the parabolic shape with the lower branch
assuming a negative curvature and giving rise to the "tips" of the star-contour. Even more
interestingly, the spin splitting in the Γ̄K̄ direction is so small to be barely detectable in
our experiment, while the momentum splitting along Γ̄M̄ is strongly enhanced, as shown
in the schematics of the Fermi surface in Fig. 4.4(d).
The high doping case (Fig. 4.5) is achieved by stronger Rb-doping: here the higher
electron density populates a third 2DEG. The splitting is even bigger than in the low
doping case because of the increased slope of the electric potential at the surface [102]. The
basic shape of the constant energy contours remains the same, both branches of the ﬁrst
2DEG are strongly hexagonally warped with the outer branch almost touching the TS. The
second 2DEG now shows an anisotropic splitting too. The Γ̄K̄ dispersion, depicted in Fig.
4.5(c), presents in this case a relevant splitting while still remaining parabolic in shape. The
Γ̄M̄ dispersion reveal now a even more complex shape: around 0.1 eV of binding energy
the dispersion diverges outward, similarly to the low doping case, reaching a singularity
point, a minimum in the slope. The curvature of the branch becomes again positive closer
to the Fermi level. The situation here depicted is the one of a strongly anisotropic two
dimensional electron gas where the anisotropy inﬂuences not only the shape of the bands
but also the actual spin-splitting between the two branches. It is clear that a quasi-freeelectron description for these 2DEGs will be inadequate.

4.2.3

The “warped” eﬀective Rashba Hamiltonian

We attempt to describe the dispersion and the splitting of the 2DEGs on Bi2 Te2 Se by
employing a k · p phenomenological approach. We start from the most simple model, vastly
utilized to describe spin-orbit splitting in surface states and 2DEGs.
E(k) = E0 +

2 k 2
± αk,
2m∗

(4.1)

for a state of eﬀective mass m∗ , where α is the so called Rashba term. The energy splitting
ΔE = 2αk is linear in k and the k-splitting Δk = 2αm∗ /2 is constant. An anisotropic
splitting of the bands is predicted when higher order Rashba terms are included in the
eﬀective Hamiltonian. These terms are dependent on the point group symmetry of the
system. The Hamiltonian was developed up to the third order for the topological state
in Ref. [73]. This proved that the topological state can also be described by the Rashba
Hamiltonian for a linear dispersion. This approach successfully described the hexagonal
warping found in Bi2 Te3 TS. In order to have a more complete and extensive picture we
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Figure 4.5: Electronic structure of electron doped Bi2 Te2 Se for the high doping case as obtained by
ARPES. (a) Constant energy surfaces at diﬀerent binding energies. (b) and (c) Dispersion along the Γ̄M̄
and Γ̄K̄ directions, respectively. (d) On the top: Fermi contour of electron doped Bi2 Te2 Se. On the bottom:
schematic representation of the Fermi contours. In black the topological state, in blue(light blue) the ﬁrst
2DEG, in red(orange) the second 2DEG, in grey the third 2DEG.
develop the k · p Hamiltonian for the C3v point symmetry up to the third order for a
free-electron like band. Details on this operation are taken from Ref. [115]. The starting
eﬀective Hamiltonian is the following:
H(k) = E0 +

2 k 2
+ α(kx σy − ky σx )+
2m∗
γ
+ βk 2 (kx σy − ky σx ) + [(kx + iky )3 + (kx − iky )3 ]σz , (4.2)
2

where σi are the Pauli matrices. The terms α, β, γ are the Rashba parameters up to the
third order. This Hamiltonian has the maximum complexity up to the third order for this
symmetry. Solving for the eigenvalues we ﬁnd:
E(k) = E0 +

2 k 2 
± (αk + βk 3 )2 + γ 2 k 6 cos2 3φ,
2m∗

(4.3)
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the "±" sign generates the outer and inner branches and φ is the angle between the k vector
and the Γ̄K̄ direction. We look into the details of the eﬀect of the diﬀerent Rashba terms:
α is the isotropic ﬁrst order term; β is a third order isotropic term. Fig. 4.6(a-c) shows
the eﬀect of the diﬀerent terms on the constant energy contour (CEC) of an isotropic freeelectron-like state. The CEC is a circle before the application of the spin-orbit coupling
(panel (a)). The isotropic terms splits the CEC into two concentric circles (panel(b)), as
for standard surface states. The β term, acts similarly to α on the CEC but modiﬁes the
dispersion introducing a k3 asymmetry to the parabolic dispersion. Finally the introduction
of the anisotropic γ term introduces the warping in the CEC (panel (c)).
From a physical point of view the α term is given by the coupling of the electron
motion on the surface plane with the electric ﬁeld gradient perpendicular to the surface.
As discussed in Section 4.1 this gives rise to an in-plane chiral spin texture, observed in
topological states and surface states. On the other hand the γ term is due to the coupling
of the electron motion with the potential gradient in the plane of the surface. This gives
rise to an out of plane spin component. Hence, stronger warping of the CEC is expected
along with stronger out of plane polarization of the state. For the present geometry C3v the
warping eﬀect has its maximum eﬀect along the Γ̄K̄ direction but it must always vanish
along Γ̄M̄ , as demonstrated by the cos2 3φ modulation in Eq. 4.3. This is because a mirror
line is present along the Γ̄M̄ direction and any out of plane (or radial) component of the spin
is forbidden by symmetry. Inspecting the Fig. 4.6(c) the eﬀect of the warping indeed only
happens along Γ̄K̄. In this direction the outer branch stretches outward assuming a star
shape while the inner branch compresses inward assuming an hexagonal shape. Diﬀerent
examples of Rashba split states can be reconnected to this geometry and shape, such as
Ag/Bi [116], BiTeI [117] or the topological state of Bi2 Te2 Se itself (with only one branch).
In contrast with this, the case we report of the Bi2 Te2 Se 2DEG oﬀers quite a diﬀerent
scenario: the two branches of a 2DEG are warped in the same direction but with diﬀerent
magnitude. A likely explanation of the observed dispersion is that band structure eﬀects
play a role together with spin splitting. In particular the shape of the state from which
the 2DEG is generated is going to inﬂuence the dispersion of the 2DEG itself and possibly
the spin splitting. To see this Fig. 4.6(d-f) present the case of an anisotropic band where
the eﬀective mass along Γ̄M̄ is higher than along Γ̄K̄. This is also the case for the bulk
conduction band of Bi2 Te2 Se [70]. The introduction of the isotropic Rashba term to this
CEC creates again two concentric contours. Since the contour is already warped, the spinorbit coupling actually creates a larger momentum splitting at the "tips" of the star (Γ̄M̄ ).
This is justiﬁed by the fact that the momentum splitting is proportional to the eﬀective
mass of the state, even when acting isotropically. The inclusion of the anisotropic term
γ (panel (f)) merely enhances the splitting far from the Γ̄M̄ direction as for the isotropic
contour case. In the end the warping is qualitatively the same for the two branches. This
picture is indeed qualitatively similar to the observed case of the Bi2 Te2 Se 2DEG in Fig.
4.4(d) and Fig. 4.5(d).
To describe this quantitatively we modify the Rashba Hamiltonian of Eq. 4.2 by implementing an eﬀective mass which is dependent of the 2D k vector. Solving the eigenvalues
problem for the energy, similarly to Eq. 4.3, we ﬁnd:

E(k) = E0 +


2 k 2
±
(αk + βk 3 )2 + γ 2 k 6 cos2 3φ,
2m∗ (k)

(4.4)
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Figure 4.6: Model spectral functions of constant energy contours of a 2DEG centered at Γ̄. The two cases
of a isotropic original state (a-c) and anisotropic original state (d-f) ar represented. (a,d) CEC with no SOC
and consequently no Rashba eﬀect. (b,c) CEC after inclusion of isotropic Rashba terms α and β. (c,f) CEC
after inclusions of the anisotropic term γ.
The eﬀective mass in the kinetic energy term is expanded as a polynomial of k as
∗



m (k) = m0Γ̄K̄ + poly(k) sin2 (3φ),

(4.5)

where m0Γ̄K̄ is the eﬀective mass at Γ̄ along Γ̄K̄ and poly(k) is a polynomial of order 3. The
sin2 (3φ) term introduces the 6-fold anisotropicity of the system maintaining the invariance
under the symmetry transformations of the C3v point group. In principle the form of the
eﬀective mass could acquire any complexity, i.e. with terms of non-parabolicity along the
Γ̄K̄ direction: the present form was chosen as the simplest to reproduce the experimental
data. With the expansion of the eﬀective mass, eﬀects of non-parabolicity and anisotropy
are included while still maintaining a parametric form of the energy eigenvalues. This
model results extremely useful for an easy ﬁtting of the experimental data.

4.2.4

Analysis of the splitting

The Equation 4.4 is used to ﬁt the 2DEGs band dispersion. The dispersion of the band is
obtained by ﬁtting energy distribution curves (EDC) and momentum distribution curved
(MDC) of the ARPES data with Lorentzian functions, following the peak position throughout the bands. Given the many free parameters the direct ﬁtting of the dispersion can give
very diﬀerent results. We approach the analysis by looking only, at ﬁrst, at the energy
splitting between the two branches of the 2DEG. The energy splitting, in fact, does not
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Figure 4.7: Energy splitting for the ﬁrst and second 2DEGs as a function of k for the high doping case.
Dispersion shown by symbols is extracted from the photoemission intensities. Solid lines represent the
best ﬁt to the splitting dispersion using Eq. 4.4. Dashed lines represent the splitting extrapolated to ﬁrst
order. The actual dispersion deviates from linearity decreasing at higher momentum. Both isotropic and
anisotropic third order contributions are necessary for a precise description of the energy splitting.

depend on the band dispersion, but solely on the spin terms of the Rashba Hamiltonian.
This reduces to
(4.6)
ΔE(k) = 2(αk + βk 3 ),
along Γ̄M̄ , and



E(k) = 2 (αk + βk 3 )2 + γ 2 k 6 ,

(4.7)

along Γ̄K̄. The α and β parameters are obtained ﬁtting the splitting along Γ̄M̄ . These
are later kept ﬁxed in the ﬁt along Γ̄K̄ which allows for the univocal determination of γ.
The result of this ﬁt for the ﬁrst and second 2DEG in the high doping case is shown in
Fig. 4.7. The dashed line represents the linear contribution. The deviation of the data
points at higher k from this line is quite strong and attests the importance of the inclusion
of third order terms. Along Γ̄M̄ this deviation is solely represented by the isotropic β
term. Interestingly this higher order term has negative value and acts reducing the energy
splitting at higher k. The same was found in the case of the Bi/Ag(111) surface alloy from
the theoretical dispersion [115]. On the other hand the diversity in the splitting between the
two high symmetry directions (red and blue line in Fig. 4.7) is due to the anisotropic spin
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First 2DEG
Second 2DEG

α (eVÅ)
0.54(1)
0.37(1)

β (eVÅ3 )
-13.1(2)
-34(1)
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γ (eVÅ3 )
34(3)
45(3)

Table 4.1: Values of the Rashba parameters for ﬁrst and second 2DEG in the high doping case. The
values are obtained by ﬁtting the energy split of the 2DEGs

term γ which enhances the splitting at high k along Γ̄K̄. Values of the Rashba parameters
obtained are found in Table 4.1. The values are similar to the ones found for the case of
the giant Rashba splitting in Bi/Ag(111) [115].
The experimental band dispersion is then ﬁtted with Eq. 4.4 using the Rashba parameters obtained from the analysis of the energy splitting. This model is indeed able to ﬁt the
data well, as shown in Fig. 4.8. Red bands overlaid on the ARPES spectra represent the
model for the two high symmetry directions. Unfortunately an accurate determination of
the splitting in the low doping case was not possible because of the small energy diﬀerence
and the short k range available for the analysis. The model for the low doping case (Fig.
4.8(c,d)) is consequently determined by sole visual inspection. An apparent discrepancy
between the model and the ARPES data can be found just above the Fermi level. In the
high doping case the splitting goes to zero around k=0.2 Å−1 because of the negative β
term; most likely this crossing is avoided with the expansion of the k · p Hamiltonian to
even higher order.
It must be noted that the aim of this model is not the perfect description of the data,
but mostly to verify that the inclusion of high order band structure eﬀects can describe the
observed anisotropy, especially in the momentum splitting. This seems indeed to be the
case.
We now look at the splitting in the momentum axes: the anisotropy does not look
particularly pronounced in energy but it becomes very strong on the k axes. Fig. 4.9
shows the k splitting Δk of the ﬁrst 2DEG as a function of energy for low and high doping
levels. The zero energy point is set to be the degeneracy point of the branches. Red (blue)
symbols correspond to the Δk extracted from the ARPES data along Γ̄M̄ (Γ̄K̄) direction.
The dashed lines represent the Δk extracted from the model.
We focus ﬁrst on the high doping case (Fig. 4.9(b)). The anisotropy is small close
to the bottom of the band up to ≈0.05 eV. Above this energy the anisotropy increases
up to 0.08 Å−1 of diﬀerence between the two high symmetry directions and it seems to
saturate closer to the Fermi level. This eﬀect is related to the non-parabolicity of the
band: Along Γ̄M̄ the dispersion deviates from the parabolic behaviour assuming a negative
eﬀective mass, while the inner branch maintains the positive curvature. For this reason
the k splitting is greatly enhanced, reaching 0.09 Å−1 . Closer to the Fermi level the outer
branch assumes again a positive curvature. This eﬀect is even more striking in the low
doping case: here the Fermi level is tuned to barely reach the point of divergence. At the
Fermi level the Δk along Γ̄M̄ is as high as 0.06 Å−1 while it remains almost zero in Γ̄K̄,
as shown in the inset of Fig. 4.9(a).
The case presented here represents a new way to enhance the spin-orbit splitting.
The combination of non-parabolicity of the states and spin-orbit coupling pushes the two
branches far apart in the momentum space, yet maintaining the energy splitting constrains
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Figure 4.8: Photoemission intensity cuts of the 2DEG in the high doping (a,b) and low doping (c,d) cases
along (a,c) Γ̄M̄ and (b,d) Γ̄K̄. The red lines show the ﬁtting of the ﬁrst 2DEG branches using the model
described in Eq. 4.4.

of the Rashba eﬀect. While the energy splitting is used as a measure of the spin-orbit coupling strength, it is the k-splitting at the Fermi level that matters for transport experiments
or for devices, such as the Datta-Das spin transistor [24]. In principle the 2DEG could be
controlled directly through gating, allowing to ﬁnely tune the population of the state and,
in this case, the Fermi surface shape and the k-splitting. Moreover the creation of two
bands with opposite spin that behave as electrons and holes, respectively, could provide a
way to create spin cumulation in devices, i.e. through the Hall eﬀect. This could give rise
to interesting and tunable spin-dependent transport phenomena in these systems paving
the way to a new kind of anisotropic spin transport and a new way to enhance the spin
splitting at the Fermi level.

4.3

The case of Bi2 Te3

Similar experiments and analysis have been performed on the Bi2 Te3 material. A 2DEG is
induced at the surface of Bi2 Te3 by rubidium deposition. The experimental procedure is
the same as for Bi2 Te2 Se, but the experimental conditions diﬀer as described below.
ARPES data are collected at SGM3 beamline at ASTRID2. Bi2 Te3 samples are cleaved
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Figure 4.9: k splitting of the ﬁrst 2DEGs as a function of energy for the low doping (a) and high doping
(b) case. The zero energy is set to be at the degeneracy point of the two branches. Symbols represent the
splitting amplitude obtained by ﬁtting of the photoemission spectra. Dashed lines represent the k splitting
extracted from our model (dispersion shown in Fig. 4.8). In both cases the combination of anisotropic band
structure and Rashba spin splitting well describes the experimental results. In the insets: section of the
Fermi surface that shows the anisotropy of the spin splitting at the Fermi level.

in vacuum. The Bi2 Te3 appears to be slightly p-doped (note that the samples used here are
diﬀerent from the ones used in Chapter. 3). The chemical potential of the as-cleaved sample
is found to be strongly dependent on the cleave conditions. For a "good" cleave the Fermi
level cuts through the top of the valence band, while for other cases this would cross at the
bottom of the conduction band. This is ascribed to the band bending, probably related to
the presence of adsorbates on the surface [102]. The temperature during deposition varies
for diﬀerent trials but is maintained below 170 K. The measurement temperature is lower
than 90 K. The photon energy used is 19.1 eV. The light has linear horizontal polarization.
In this setup this is perpendicular to the rotation axes. The out of plane component of the
polarization is zero for normal incidence geometry.
Fig. 4.10 shows the ARPES of the Rb-doped Bi2 Te3 for the highest doping level reached.
Very similarly to the Bi2 Te2 Se case two 2DEGs are created at the surface because of the
localized electron donation. These 2DEGs reside inside the topological state contour. The
shape of the constant energy contours (Fig. 4.10(a)) resembles the case of Bi2 Te2 Se: the
warping of both branches is in the same direction with the tips of the hexagonal stars along
Γ̄M̄ . A strong trigonal symmetry of the photoemission intensity is due to matrix elements
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Figure 4.10: Electronic structure of electron-doped Bi2 Te3 for the high doping case as obtained by
ARPES. (a) Constant energy surfaces at diﬀerent binding energies. (b),(c) Dispersion along the Γ̄M̄ and
Γ̄K̄ directions, respectively. On the right side red dashed lines represent the dispersion of topological state
and ﬁrst 2DEG as obtained from Eq. 4.4 ﬁtted to the ARPES data.

eﬀects dictated by the orbital character of the states.
The data are analysed in the same way as thoroughly explained for Bi2 Te2 Se and similar
conclusions can be drawn. The electric ﬁeld on the surface is calculated by looking at the
shift of the Dirac cone. The shift with respect to the freshly cleaved sample is 0.20 eV. This
value is speciﬁc for the attempt shown here. Diﬀerent attempts started with much lower
chemical potential and after doping the shift of the Dirac cone can be as high as 0.38 eV.
A more complex parametric formula was necessary to ﬁt the Γ̄M̄ dispersion, expanding
the polynomial in Eq. 4.5 to the sixth order. The result of the ﬁtting is partially shown
in Fig. 4.10 over-imposed on the ARPES data. Again the lack of higher order spin-orbit
interaction terms induces a degeneracy around 0.18 Å−1 along Γ̄M̄ . The values of the
Rashba parameters are α = 0.46(2) eVÅ, β=-17(4) eVÅ3 , γ is not deﬁnable in such short krange. The β parameter is negative reducing the splitting. Inspecting the dispersion in Fig.
4.10(c) the eﬀect of non-parabolicity is here even stronger than for Bi2 Te2 Se: along Γ̄M̄ the
outer branch of the ﬁrst 2DEG warps outward at 0.06 eV of binding energy assuming an
almost horizontal dispersion. The dispersion of the outer branch has the same qualitative
shape of the bulk conduction band projected on the (111) surface at Z as shown by red line
in Fig. 3.2(c). This eﬀect can be better described by looking at the k-splitting shown in
Fig. 4.11. The splitting along Γ̄K̄ remains constant because of the parabolic shape. The
Δk at the Fermi level is 0.0247(4) Å−1 . The evolution of Δk along Γ̄M̄ is even more drastic
than for Bi2 Te2 Se. From 60 to 70 meV above the degeneracy point, the Δk increases with
a steep slope from 0.025(4) to 0.093(4) Å−1 while it remains constant in the regions above
and below. The Δk at the Fermi level is even greater than for Bi2 Te2 Se (0.084(1) Å−1 )
despite the weaker eﬀective doping.
The steep increase in anisotropicity suggests that Bi2 Te3 could be a even better candidate for anisotropic spin transport. It provides the possibility to tune the chemical potential
around the singularity point within only 10 meV. To evaluate the possibility of ﬁne tuning
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around the singularity point a low doping case for Bi2 Te3 is presented in Fig. 4.12. Panel
(a) shows the Fermi surface. Due to time eﬀect( i.e. radiation damage, adsorbates) in the
quality of the sample, the image has been symmetrized around the kΓ̄−K̄ = 0 line. Two
2DEGs are populated. The Fermi level is tuned to be just above the singularity point as
visible from the dispersion along the high symmetry directions in panels (b) and (c). The
model dispersion (red dashed lines in Fig. 4.12) has been built by visual inspection. The
linear Rashba constant α is enough to describe the dispersion in this small k range. The
k splitting at the Fermi level is 0.08(1) Å−1 , only slightly lower than for the high doping
case. This value is extremely big for such low doping and it is similar to the one obtained
for Bi2 Te2 Se in the high doping case. The application of a gate voltage that leads to an
eﬀective energy shift as small as 10 meV can here switch on and oﬀ a 0.08 Å−1 spin splitting
at the Fermi level.
We deﬁne the spin splitting anisotropicity quantity as following:

Anisotropicity =

ΔkΓ̄M̄ − ΔkΓ̄K̄
· 100.
ΔkΓ̄M̄ + ΔkΓ̄K̄

(4.8)

The high and low doping case for Bi2 Te2 Se have anisotropicity equal to 48(2)% and 70(16)%
respectively. For Bi2 Te3 we ﬁnd the values 58(6)% and 76(20)%. The anisotropicity itself
is systematically larger for Bi2 Te3 than for Bi2 Te2 Se, as expected by the larger eﬀective
mass along Γ̄M̄ . Moreover the lower the 2DEG ﬁlling, the higher is the anisotropicity, if
the singularity point in the dispersion is reached. In the case of Bi2 Se3 the anisotropicity
is very small, in the order of 8-9% [102].
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Figure 4.12: Electronic structure of electron-doped Bi2 Te3 for the low doping case as obtained by ARPES.
(a) Fermi surface. Red and blue markers point out the diﬀerent spin splitting along Γ̄M̄ and Γ̄K̄. (b),(c)
Dispersion along the Γ̄M̄ and Γ̄K̄ directions, respectively. On the right side red dashed lines represent the
dispersion of topological state and ﬁrst 2DEG as obtained from Eq. 4.4 by ﬁtting the parameters to the
ARPES data.

4.4

An outlook

So far we have simply described the dispersion of the 2DEGs on telluride TIs and the
splitting in energy and momentum. This has been modelled by simple k · p Hamiltonian
expanded to the third order where we included anisotropicity and non-parabolicity. This
model eﬃciently described the states’ dispersion and unveiled the interplay of band structure and spin-splitting. Despite its eﬀectiveness the model Hamiltonian is implemented
"ad-hoc" and mostly serves the purpose of understanding and ﬁt experimental results in
an easy way but it cannot be used for a priori predictions. An important point to discuss
is the spin texture that derives from such unconventional 2DEGs. The spin orientation
is strongly connected with the electron momentum and, hence, its dispersion. Knowledge
of spin-texture is of extreme importance for spin-transport experiments or devices. Spin
resolved ARPES on this systems are very desired for this purpose. Unfortunately this
is very challenging from an experimental point of view: a system like the 2DEG of the
Bi2 Te2 Se requires to resolve up to seven diﬀerent bands in only 0.2 Å−1 . Momentum resolution of 0.015 Å−1 is the minimum estimated necessary. Such characteristics are still rare
to be found in spin-ARPES systems. Eﬀorts in performing spin-resolved experiments are
presently ongoing.
In the 2DEGs of the tellurides the spin texture has the potential to be very complex.
In a Rashba coupled system the spin and the momentum directions are locked together.
The interplay of band structure eﬀects and high order Rashba coupling will surely inﬂuence
the spin texture. A few considerations can be expressed on the basis of the observed spin
splitting. The spin components of an electron can be calculated from its expectation value
given the electron wave function. In the case of a free electron state the ﬁrst order Rashba
induces a chiral spin texture with only in-plane radial component. The constant energy

4.4. An outlook

61

contours of the two branches have opposite chirality (see Fig. 1.3). The ﬁrst order derives
from the interaction between the electron motion in plane and the gradient of the electric
ﬁeld perpendicular to the plane. While this is true for the free electron state, the spin
texture can be very diﬀerent in an anisotropic state. We can imagine this in the very
simple terms of eﬀective magnetic ﬁeld. In the reference frame of the moving electrons
the perpendicular electric ﬁeld is "felt" as an eﬀective magnetic ﬁeld through the simpliﬁed

Lorentz transformation B⊥ = −v × E⊥ . As a result of the vector product the B ﬁeld
is perpendicular to both the electric ﬁeld and the electron velocity. In the Fermi surface
picture the velocity (v ∝ ∇k E) is always perpendicular to the contour in k-space. In this
simple picture the electron spin, aligning with the eﬀective magnetic ﬁeld, will always be
tangential to the constant energy contour.
For the strongly anisotropic states, as the 2DEGs on the tellurides, this can induce a
component radial respect to the k vector. In the case of our 2DEGs this has an additional
eﬀect. As we have seen the non-parabolicity in the dispersion aﬀects the constant energy
contours such that the contours for inner and outer branch are very diﬀerent (i.e. the image
of an hexagon inside a star in Bi2 Te2 Se). Hence the two spin split branches can carry spin
directions non-opposite to each other, collapsing the usual convention of spin-up/spin-down
states. We can speculate that this eﬀect will increase the interband scattering outside the
high symmetry directions.
It was also discussed how the description of the 2DEGs dispersion requires the inclusion
of third order terms, β and γ in the Rashba Hamiltonian for the C3v point symmetry. It
is known that the γ term introduces an out of plane spin component Sz [73]. This is
modulated in k with the radial angle as cos(3θ). The out of plane component is maximum
along Γ̄K̄ and vanishes at Γ̄M̄ . To have a better insight in the role of the third order terms
one can develop the k·p calculation to ﬁnd an explicit expression for the coeﬃcients. These
expressions can be found in Ref. [115] in Eq.22 and 23 for β and γ respectively. The isotropic
term derives again from the interaction with the electric ﬁeld gradient perpendicular to the
plane. On the other hand the anisotropic term is related to the in-plane gradient of the
ﬁeld. Indeed the characteristic features in the dispersion and in the spin-texture introduced
by this term reﬂects the pseudo-6 fold symmetry of the surface plane. It is well know that
this is an important factor for Bi2 Te3 and Bi2 Te2 Se. For these materials the spin warping
has been extensively studied on the topological states [73, 118, 119]. Because of the linear
dispersion and the nature of the topological state the pure Rashba Hamiltonian for a Dirac
state can eﬃciently describe the state dispersion. The reason of the anisotropy of the
2DEGs is instead mostly due to the anisotropic eﬀective mass. Thinking of a tight binding
approach, one can think of the band structure anisotropy in plane due to the interaction
of one atom with the ﬁrst six neighbours. It is intuitive to think that the band structure
anisotropy is qualitatively related to the same in-plane potential that provokes the strong
spin warping, present both in the 2DEG and the topological state. Hence the presence of
strong out of plane component in the 2DEG is expected. The value found for the Bi2 Te2 Se
2DEG is one order of magnitude bigger than for the Bi/Ag surface alloy [115].
An additional point of interest is the role of the orbital character and its relation to
the spin texture. The third order Rashba parameters are obtained from the admixture
of orbitals of pz and pxy character. The role of orbital character in the spin texture was
already highlighted for the topological states [120]. Recent work on the Rashba-like system
BiTeI showed how the Rashba splitting can be orbital-character dependent [117, 121]. This
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Figure 4.13: Low energy electronic structure of gated Bi2 Se3 (a-e),Bi2 Te2 Se (f-k) and Bi2 Te3 (l-p) along
the high symmetry directions. 2DEGs are populated close to the Fermi level. (a,f,l) ARPES dispersion
along Γ̄M̄ (left) and Γ̄K̄ (right). Data on Bi2 Se3 from concession of Marco Bianchi [103] (b,g,m) Surface
tight binding calculation for TIs with surface potential, obtained within the LDA framework. The surface
potential used, shown in (d,j,o), is chosen to compare directly with ARPES results. (c,h,n) Surface tight
binding calculations using the GW Hamiltonian matrix. (e,k,p) ARPES Fermi surfaces.

studies revealed that the spin-orbit coupling promotes orbital hybridization and locks a
speciﬁc spin-texture to speciﬁc orbitals. This enriches the spin texture away from the
normal predictions of the simple Rashba model. Spin-ARPES and dichroism data, coupled
with ab initio calculations, are strongly desired.
We obtained some preliminary results from ab initio calculations. The result is summarized in Fig. 4.13. The calculations were performed using both LDA and GW . The slab
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Hamiltonian derived from DFT calculations has been used to create a surface tight binding
calculation with band bending. The method is similar to the one used in Ref. [122]. The
potential gradient was calculated via coupled Schrödinger-Poisson equation. [Calculations
performed by P.King, St Andrew University, M.S.Bahramy, RIKEN-ASI, Saitama and I.
Aguilera, FZ Jülich] The surface potential for the three TIs (Fig. 4.13(e,k,p)) is chosen
to match with the ARPES data. The value of the electric ﬁeld at the surface is obtained
by ﬁtting the shift of the Dirac point upon Rb adsorption. The dispersion for the series
Bi2 Se3 , Bi2 Te2 Se and Bi2 Te3 is shown along Γ̄M̄ and Γ̄K̄ as obtained by ARPES (panels(a,f,l)), by LDA (panels(b,g,m)), and by GW (panels(c,h,n)). The experimental Fermi
surfaces are also shown for comparison (panels(e,k,p)). The comparison of the ARPES data
reveal a coherent increase in the anisotropy towards the Bi2 Te3 , as previously discussed. In
particular for Bi2 Se3 the anisotropy is very small. The same trend is seen for the warping
of the topological state. This seems to prove that the in-plane potential aﬀects similarly
the spin warping and the bulk band structure. The comparison of the experimental results
with the calculations reveals an overall better agreement with GW with respect to LDA.
The GW consistently reduces the eﬀective mass of the 2DEG along Γ̄M̄ and at the same
time it reduces the anisotropy. In particular in the cases of Bi2 Se3 and Bi2 Te2 Se, the quasi
particle correction introduced by GW properly corrects the dispersion of the 2DEG and it
appears much more similar to the experiments. This might indicate a strong contribution
of quasi particle renormalisation for these materials, which is not accounted for in LDA. In
Bi2 Te3 the GW fails to reproduce the nearly horizontal dispersion at the singularity.
Further orbital and spin calculation are in progress. It is our hope that the complementary experimental eﬀorts will help drawing a complete picture of the spin-orbit role in the
anisotropic 2DEGs found on TIs.

4.5

Exploring the magnetic properties with magnetic
surface doping

The topological properties of TIs rely on the presence of time reversal symmetry in the
system. As discussed in Chapter 1.3 the topological state is said to be protected by TRS.
When this is broken the spin degeneracy at Γ̄ can be lifted, creating an energy gap and
generating massive fermions. TRS also protects spin-polarized currents from backscattering. The intrinsic tie between topological insulators and time reversal symmetry raises the
interest in coupling the magnetic degree o freedom, odd under TRS, with TIs. In speciﬁc
a magnetization in the direction perpendicular to the surface is predicted to open the gap
at the Dirac point [123, 124]. Magnetic atoms on the surface or embedded in the bulk of
topological insulators have been extensively studied for their magnetic orientation, magnetic interaction mechanism and eﬀect on the electronic structure [125–127]. Attempts in
creating a net out of plane magnetization have been made incorporating Mn atoms in the
bulk of Bi2 Se3 , which created spectroscopic evidence of a gap opening in the TS [128].
However structural disorder from impurities also acts towards a gap opening [129] and the
matter remains unclear. Under these circumstances a local magnetic doping on the surface
appears to be a simpler way to study the magnetic interactions on the TS. Experiments
where Fe atoms are deposited on the surface of Bi2 Se3 showed contrasting results, where
the issue of surface quantization of valence band states plays a major role in the deﬁnition
of a energy gap at the Dirac point [130, 131]. It was then found out by X-ray magnetic
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Figure 4.14: (a) STM topograph of the pristine Bi2 Te2 Se surface (U = 150 mV, I = 50 pA). (b) Atomically
resolved image of 1% Ni (red dots) on Bi2 Te3 , with single Ni atoms occupying two diﬀerent adsorption
sites (U = 350 mV, I = 400 pA, composite of original and Fourier altered topograph in order to enhance
atomic contrast). The lines trace the surface Te atom rows. (c) Calculated STM topographs of Ni fcc and Ni
hcp using the Terso -Hamann-model (U = 400 mV). For both stackings, the z-scale covers the same range.
(d-i)XPS core level spectra for Bi 5d (left column) and Te 4d (right column) for pristine Bi2 Te2 Se (d) and
(g), as well as after deposition of 0.6 ML Fe [(e) and (h)] and 0.6 ML Ni [(f) and (i)], respectively. Fits
represent decompositions into Bi and Te doublets. Upon 3d metal deposition, a chemical shifted component
develops with respect to the main pristine peak. For Fe two components are visible on Bi 5d.

circular dichroism (XMCD) that Fe assumes in-plane magnetization on Bi2 Se3 [132].
Here we probe the magnetic and electronic properties of magnetic doping on the topological insulator Bi2 Te2 Se by locally depositing d-shell elements Ni and Fe with the combined
use of XMCD, STM, ARPES and DFT calculations. Similar experiments were also performed on Bi2 Te3 ; these yielded basically the same conclusions as for Bi2 Te2 Se and we
will therefore focus only on the latter. STM experiments were performed and analysed in
the Wiesendanger Group at Hamburg University. XMCD and photoemission core-levels
analysis were performed by Jan Honolka and Martin Vondráĉek at Prague University. The
author performed XMCD and photoemission experiments and analysed the photoemission
data.

4.5.1

Adsorption sites

A Bi2 Te2 Se single crystal was cleaved in vacuum by scotch-tape technique and cooled down
to the measurement temperature (T = 1.5 K for XMCD, T = 7 K for STM and T ≈ 90 K
for ARPES). Nickel and iron were deposited in diluted concentrations on the cleaved surface
using outgassed EBE evaporators. The low temperature is necessary to avoid clustering of
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the adatoms. The evaporation rate was calibrated for ARPES and XMCD by depositing
sub-monolayer (ML) quantities of adatoms on clean Pt single crystal and pyrolytic graphite
and determining the coverage with STM topography.
Fig. 4.14(a) shows a STM image of the as-cleaved surface; atomic resolution reveals
the hexagonal lattice of the Te-terminated surface, because the cleave happens in the VdW
gap. Darker spots with apparent height of 20 pm are attributed to SeT e antisite defects
[133]. Except for the sparse SeT e defects Bi2 Te2 Se exposes the same termination of Bi2 Te3 .
Fig. 4.14(b) shows a high resolution topograph of Ni atoms adsorbed on the Bi2 Te3 surface.
The Ni atoms assume two distinct appearances because adsorbed into two diﬀerent hollow
sites of the Te surface. Terso -Hamann-model calculation of the STM topography (Fig.
4.14(c)) conﬁrm the observed apparent heights and shapes for the Ni adsorbed on the hcp
and fcc sites.
Core level spectra and ARPES are acquired at the SGM3 beamline at ASTRID2. Bi5d
and Te4d core levels are acquired on pristine Bi2 Te2 Se and after 0.6 ML of Fe and Ni using
photon energy hν = 100 eV . The results are shown in Fig. 4.14(d-i), the spectral feature are
ﬁtted with Doniach-Ŝunjic̀ functions convoluted with a Gaussian. Both Bi and Te related
spectra develop strong shoulders upon deposition of Ni and Fe, consistent with the picture
of the Ni and Fe to sit between the two topmost layers giving strong chemical shift to both
Bi and Te. Se3d peaks (not shown) do not develop additional components because they are
too deep in the bulk to interact with the adatoms. On the Bi core levels the Ni generates a
single component shifted by 0.46 eV, while Fe generates two distinct components at 0.23 eV
and 0.72 eV respect to the pristine position. This ﬁndings reveal the tendency of iron to sit
on both hcp site, above the Bi atom with stronger chemical shift, and fcc hollow site with
weaker chemical shift. Ni on the other hand strongly favours the fcc sites. Defect analysis
in STM reveals a Nihcp /Nif cc ratio of 0.2 and the Fehcp /Fef cc ratio of 0.6, conﬁrming the
conclusions drawn by XPS.

4.5.2

Magnetic properties

The magnetization of the adatoms is investigated by XMCD. XMCD experiments have been
performed at the X-Treme beamline at Swiss Light Source [134]. The XMCD technique is
based on the selection rules in the photon absorption using circular polarized light. X-ray
absorption spectra (XAS) using circular right (σ+) and left (σ-) polarised light are acquired
while imposing a magnetic ﬁeld B in the same direction as the light. The photon energy
is varied around an adsorption edge so to excite electrons from a core level to the empty
valence states. The absorption intensity proﬁle is a probe of the empty valence states.
Selection rules dictate that (σ+) and (σ-) light excite electrons with opposite spin-orbital
texture. In the case of Fe and Ni we use a range of photon energy to probe the L2,3
absorption edge from p states to the empty d-states. The XMCD signal is the diﬀerence
between the absorption spectrum acquired with (σ+) and (σ-) light. This diﬀerence reﬂects
the asymmetry in the spin and orbital character of the d states, and hence, its magnetic
ground state.
A magnetic ﬁeld of 6.8 T is used to align the spin direction of the transition metals.
The sample is ﬁrst aligned with the surface normal parallel to the B ﬁeld and the light.
Absorption and XMCD for Fe and Ni on Bi2 Te2 Se are summarized in Fig. 4.15. The amount
of adsorbates is in the order of 1% which is in the single impurity limit, when each single
impurity can open an energy gap around itself [123]. Spectra are acquired in current drain
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Figure 4.15: (a) and (b): Ni and Fe L2,3 XAS data for positive (σ+) and negative (σ-) circular polarization
in polar geometry and resulting XMCD signals below (left panels). Measurements were done in the impurity
regime at low temperatures of T = 2K and polar ﬁelds of B = 6.8 T. Right panels show respective spectra
simulated from DFT theory using the relaxed geometry shown as insets showing exceptional agreement with
our experimental results. Although both Ni and Fe show partially ﬁlled d-shells with occupancies nd = 9.2
and nd = 6.9, respectively, only Fe develops ﬁnite local orbital and spin moments, while the vanishing Ni
XMCD signal reﬂects eﬃcient moment quenching as predicted by theory.

mode. The absence of oxygen is tested with XAS on the O K-edge. Both Ni and Fe XAS
spectra reveal clear absorption edges with ﬁne structure, typical of half ﬁlled d-shells weakly
hybridized with the environment. The two principal peaks derive from absorption from the
two spin-orbit split initial p-states. Interestingly Ni does not show any net magnetization.
The σ+ and σ- signals are equal leading to zero signal in the XMCD (Fig. 4.15(a)). Ni
is a borderline element between high-spin 3d8 4s2 and low-spin 3d9 4s1 conﬁgurations and
thus magnetic ground state conﬁguration is highly sensitive to interaction with the surface.
The magnetization of Ni is quenched on the surface of Bi2 Te2 Se. The DFT calculations of
the XAS spectrum is in excellent agreement with the experiment. The occupancy of the
d-shell is nd = 9.2.
Diﬀerent is the case of iron (Fig. 4.15(b)): the strong asymmetry in the XAS spectra
leads to a signiﬁcant XMCD signal. Fe develops a net magnetization contrarily to Ni.
Repeating the same experiment rotating the sample surface 60◦ from the light and magnetic
ﬁeld yields the same results for Ni but a dampened XMCD signal for Fe unveiling the
out of plane nature of the magnetization. Comparison with the DFT calculation gives an
occupancy factor nd = 6.9. We ﬁnd a situation where magnetic adatoms have a out-of-plane
easy axes of magnetization on top of TI Bi2 Te2 Se.

4.5.3

Eﬀect of magnetic adatoms on the electronic structure

In order to study the eﬀect of the magnetic adatoms on the electronic structure of Bi2 Te2 Se
ARPES experiments are performed. Data presented in Fig. 4.16(a,b,d) are acquired using
photon energy of hν = 21 eV at the SGM3 beamline at ASTRID2. Photoemission spectra
of the Dirac cone of Bi2 Te2 Se are shown at diﬀerent coverages for Ni (panel (a)) and Fe
(panel (b)). The eﬀect of both metal atoms is a consistent electron doping of the surface,
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Figure 4.16: (a) Photoemission intensity of Bi2 Te2 Se for the pristine sample (left) and for an increasing
amount of Ni(1%,12%,32%) on the surface. (b) Photoemission intensity of Bi2 Te2 Se for the pristine sample
(left) and for an increasing amount of Fe(0.7%,2.1%,31%) on the surface. In the impurity level regime
the Fermi level is exclusively crossed by the topological state. A 2DEG appears at higher coverages up to
saturation. The evolution of the Dirac point for the two cases is shown in (c). (d) Second derivative of the
photoemission spectra for Fe-doped Bi2 Te2 Se around the Dirac point. Pristine sample and 0.7% coverage
are shown. No modiﬁcation of the Dirac point is detectable.

not dissimilarly to the eﬀect of Rb seen in Section 4.2.1. Images are chosen to present the
diﬀerent stages in the adsorption of the metal atoms. In the pristine sample the Fermi level
cuts through the Dirac cone and no bulk carriers is detected. In the single impurity level
stage, at around 1%(0.7%) of coverage, the material is still a good semiconductor. At this
stage the sample is representative of the system studied with XMCD, we can conclude that
Fe on Bi2 Te2 Se is an excellent system to study the interaction of electronic and magnetic
properties in TIs. In fact the iron has an out of plane easy axes of magnetization and the
charge carriers purely come from the topological state making the study of topological state
mediated magnetic interaction, such as RKKY, a real possibility [123].
When the amount of metal adatoms becomes bigger, a 2DEG is populated on the
surface. Further doping results in a saturation state where the spectrum blurs up because
of disorder and impurity states. The doping eﬃciency has been estimated by following the
position of the Dirac point for diﬀerent coverages, the result is shown in Fig. 4.16(c). The
use of diﬀerent scales for the case of Ni and Fe doping is due to the diﬀerent initial position
of the Dirac point (which depends on each cleave). In both cases the doping magnitude
follows an exponential law, shown with a line, that brings it to fast saturation. The Fe
saturates faster after only 6% of coverage while Ni has lower electron doping power and
saturation is achieved after 12% of ML.
One open question that remains is the lifting of degeneracy at the DP by magnetic
ordering. Thanks to the XMCD results we do not expect the Ni to have an impact on the
TS. More interesting is the case of Fe. Unfortunately the DP in Bi2 Te2 Se lies sunken in the
bulk valence bands rendering the detection of the Dirac point an arduous task. We plot the
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second derivative of the ARPES spectra for pristine Bi2 Te2 Se and for the iron doped case
at single impurity level in Fig. 4.16(d). The Dirac point is found in both cases very close
to the valence band. No gap opening is detectable in the limits of our resolution. Similar
analysis on higher coverages also never hints towards a gap opening.
We must point out that this does not excludes a gap from being opened but simply that
this is not detected. The temperature might be not low enough to develop a ferromagnetic
order on the surface. Also any gap smaller than the experimental resolution will not be
visible. A recent theoretical study reports that the detection of a magnetic doping induced
energy gap in the TI would be made virtually impossible by the presence of resonant
impurity state in the gap [135].
At last we report that similar experiments ave been carried out by us using copper as
adatom as well. However XMCD results revealed that the Cu assumes a ﬁlled shell d10
conﬁguration making it fairly uninteresting for magnetic properties. The eﬀect of copper
on the low energy electronic structure is similar to the Ni and Fe, acting as electron donor.

Chapter 5

Interfacing a 2D and a 3D
topological insulator - Bi/Bi2Se3
Elementary bismuth is one of the most studied materials for its remarkable electronic
structure. It is a natural semimetal with giant carriers mobility and strong spin-orbit
coupling. Similarly to Bi2 Se3 it has rombohedral structure R3̄m. There are two atoms
per unit cell. Along the [111] direction it can be pictured as a stacking of more strongly
bonded bilayers which gives easy access to the the (111) surface by cleaving, as illustrated
in Fig. 5.1(a-b). Our interest is to see what happens when the dimensionality of the
system is reduced. The lowest practically feasible dimension is achieved by building a
single bilayer of bismuth. This shall be treated here as a two dimensional system as there
is no translational symmetry in the perpendicular direction. The single bilayer has buckled
honeycomb structure
In 2006 Murakami proposed that a single bilayer bismuth would be a quantum spin
Hall insulator (or 2-D topological insulator) by using the Kane-Mele model for honeycomb
lattice with strong spin-orbit coupling [3, 137]. In order to host a quantum spin Hall phase
(QSH) three main ingredients are needed: time reversal symmetry, band inversion and
insulating phase (band gap). Koroteev et al. studied the thickness dependent electronic
band structure of the Bi(111) by ﬁrst principle calculation. According to their results a gap
opening is possible only for a single bilayer while adding a second bilayer already closes the
gap. The gap in the bilayer is opened at Γ and it is about 0.2 eV [138]. The band inversion
was studied by Murakami ﬁrst and by Wada et al. later: Since the inversion symmetry
remains in the bilayer itself, the topological considerations can be again simpliﬁed by looking
at the parity of the occupied bands. Similarly to Bi2 Se3 , a single inversion at Γ is found
(see Fig. 5.1(c)), resulting in an odd Z2 invariance ν = 1, predicting the presence of helical
Dirac states conﬁned at the edges [136, 137]. In Fig. 5.1(d) the calculated dispersion of
the metallic edge state is shown.
The theoretical prediction for this material are remarkable but its experimental realization is not an easy task: The research for a good substrate capable to host a well
ordered structure and that can give access to the electronic properties and maintains the
topological properties of the Bi bilayer is necessary. The ﬁrst realization of the bilayer has
been reported by Hirahara et al. in 2011 by using the three-dimensional strong topological insulator Bi2 Te3 as substrate. In that work the surface/interface electronic structure
is characterized by ARPES and supported by DFT calculations [139]. Higher quality of
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Figure 5.1: Schematic representation of the structure of bismuth in side view along the [111] direction
(a) and top view ((111) surface) (b). Blue spheres represent atoms in the top bilayer and green spheres,
the bottom bilayer. (c) Calculated band structure for the single bismuth bilayer with calculated parity (+
even, - odd) at TRIMs. A single band inversion at Γ̄ is present. After Ref. [136]. (d) Calculated dispersion
of the topological edge states of Bi bilayer. After Ref. [136].

ARPES data was then collected by Miao et al. who investigated both the Bi/Bi2 Se3 and
Bi/Bi2 Te3 systems [140].

5.1

The electronic structure of the interface

This work is dedicated to the study of the electronic structure at the interface between the
two dimensional topological insulator Bi bilayer and the three dimensional TI Bi2 Se3. The
reason for studying this system (Bi/Bi2 Se3 ) is principally two-fold: 1- The ﬁrst objective
is mainly application-oriented: 2-dimensional materials can obviously not be simply synthesized as bulk but they must be grown on a substrate. The choice of the substrate turns
out to be of crucial importance. Depending on the interaction between the substrate and
the material the surface electronic properties can be drastically changed; a strong interaction can lead to high states hybridization at the interface while for "free-standing" ﬁlms
the electronic structure is not aﬀected by the substrate. One of the primary experimental
objectives would be obtaining the "free standing" bilayer, where the inﬂuence of the substrate is virtually zero, in order to gain easy access to the topological helical edge states.
Unfortunately up to date there is not a clear idea on how to decouple the bilayer from
any substrate. Yet the use of a semiconducting substrate can still grant the access to the
eventual edge states as long as the energy gap of the bilayer does not close. In order to
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grow the Bi in the [111] direction, the substrate should have a similar lattice structure,
this is the case of Bi2 Se3 . 2- The second objective has more general physical interest: what
happen to the surface states and the topology when two TIs are interfaced is still not fully
understood and the theories are sometimes contrasting [141–143]. It was shown that a
selective elimination of the topological states can occur at the interface according to the
states’ position in the reciprocal space and to the helicity. In the Bi/Bi2 Se3 system we
couple two strong TIs, both with parity inversion at Γ, but the topological considerations
for the two materials lie in two diﬀerent dimensions.
We perform ARPES, STM and FT-STS on the system. We use DFT calculations to
help unravelling the electronic structure. The connection between theory and experiments
is obtained by performing Joint Density of State simulations. This work is a collaboration
with Hamburg University and the Forschungszentrum in Jülich. All the STM-STS experiments have been performed in Hamburg in the Wiesendanger group by Andreas Eich and
collaborators, the DFT calculations are carried out in Jülich by Gustav Bilmayer. ARPES
results and the Joint density of States simulations have been carried out and computed by
the author.

5.1.1

ARPES characterization

The ARPES measurements have been performed at the SGM3 beamline at ASTRID synchrotron in Aarhus. As ﬁrst step we measure the ARPES spectrum on the cleaved substrate
(Fig. 5.2(a-b)). Data are acquired using 18 eV photon energy. The sample is cleaved at
room temperature and measured at T∼ 80 K. The main feature is the topological surface state that assumes the classical Dirac cone like shape. The Dirac point is situated at
EB =0.49(0.04) eV. The bulk valence band is visible as a shaded area above EB =0.7 eV. A
2DEG appears below the Fermi level up to EB =0.21 eV. The Fermi surface in Fig. 5.2(b)
is circular for the 2DEG while the topological state shows a hint of hexagonal warping.
The Bi bilayer is grown by MBE using a commercial electron beam evaporator. The
deposition temperature is set around 200-240 K. The as grown surface is too disordered and
the sample was then post-annealed to T∼453 K to let the ﬁlm rearrange its structure. The
annealing has a positive eﬀect on the surface quality but evaporates part of the bismuth
leaving the surface terminated with both the bilayer and the pristine Bi2 Se3 .
Fig. 5.2(c) shows the angle-integrated core level spectrum of Bi 5d and Se 3d peaks
before (blue line) and after (red line) the deposition. The higher energy doublet stems from
the selenium; the peaks simply decrease in intensity with the deposition due to coverage
of the substrate surface. The doublet of Bi 5d also is reduced in intensity with the growth
of the ﬁlm but two new red-shifted peaks appear. These additional features are naturally
attributed to the respective 5d core levels of the Bi bilayer. In order to obtain a rough
estimation of the coverage we look at the relative intensities of the Bi 5d(3/2) peaks assigned
to bilayer and substrate in the red curve. Using the bilayer height obtained from STM (see
section 5.2) and an inelastic mean free path λ of 4.5 Å(the electrons’ kinetic energy is
around 50 eV) we estimate a coverage of 10%
Fig. 5.2(d-e) show the ARPES signal for the Bi/Bi2 Se3 system along the two high
symmetry directions cuts: Γ̄–K̄ and Γ̄–M̄ . The spectrum is a superimposition of two
diﬀerent signals, the substrate and the bilayer islands, as expected. The signal from the
Bi2 Se3 is still very clear, in particular the topological state and the M state. Some of the
features that rise from the bilayer are clearly identiﬁable oﬀ normal emission: in particular
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Figure 5.2: (a) Photoemission intensity of Bi2 Se3 around Γ̄. (b) Fermi surface of Bi2 Se3 . (c) Core levels
photoemission of Bi2 Se3 and Bi/Bi2 Se3 as a function of binding energy. (d,e) Photoemission intensity of
Bi/Bi2 Se3 around Γ̄ along Γ̄K̄ and Γ̄M̄ directions. (f,g) Constant energy contours at EB =0 and 0.14 eV
for Bi/Bi2 Se3 . (h) Cut at constant energy EB =0.37 eV for two consecutive Brillouin zones shows that the
CEC is hexagonally warped along the Γ̄K̄ direction.

two sets of outer bands are dispersing downwards. As it will be discussed in Section 5.1.2
these bands stem from the upper valence band of the Bi bilayer. These lateral bands are
split in two branches with diﬀerent group velocities and cross each other along the Γ̄–K̄
direction around 0.32 eV. We inspect the isotropy of these states by the constant energy
cuts of Fig. 5.2(f,g): The CEC is hexagonally shaped and gets larger at higher binding
energies. Fig. 5.2(h) shows a constant energy cut of a big dataset with two adjacent
Brillouin zones acquired with photon energy 70 eV. By connecting the two Γ points we can
ﬁnd the Brillouin zone boundaries and deﬁne the high symmetry directions. The corners
of the hexagonal CECs are pointing in the Γ̄M̄ direction.
Looking at the ARPES data, we can identify an additional band around the Γ̄, crossing
the Fermi level at k = 0 Å−1 . The low spectral weight makes it diﬃcult to distinguish
but it can be seen in the Fermi surface as a single higher intensity point at Γ̄. A careful
inspection of constant energy contours reveals a linear dispersion for this state. This result
will be more clear when looking at the DFT calculations.
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Figure 5.3: (a) DFT slab calculation for Bi/Bi2 Se3 along Γ̄–M̄ and Γ̄–K̄ directions. The size of the data
points is proportional to the localization of the state on the bilayer, diﬀerent colours are used in relation
to the origin of the bands. (b) Electronic structure of the free-standing Bi-bilayer from ﬁrst principle
calculations. After Ref. [139]. (c) ARPES spectrum of Bi/Bi2 Se3 compared to the DFT calculations. The
red dotted line is a guide for the eye representing the TS of the pristine substrate.

5.1.2

DFT calculations

In order to unravel the origin of the electronic structure at the interface between the Bi
bilayer and the Bi2 Se3 , we perform DFT slab calculations. The DFT calculations were performed using the full-potential linearised augmented plane wave method. The sample was
modelled with a slab made of six QL plus the Bi bilayer on top. The distance between the
bilayer and the substrate was relaxed to match with the experimental dispersion. Further
details are given in Ref. [6].
We plot the results for the electronic structure around Γ̄ along the two high symmetry
directions in Fig. 5.3(a). Each energy eigenvalue is plotted as a circle of ﬁnite size, the size
is proportional to the wave function localization of the state on the Bi bilayer. This type
of data visualization helps to distinguish the bands localized on the surface/interface from
the bands buried in the bulk. To facilitate in the recognition of the states the main bands
(with high surface localization) are plotted with diﬀerent colours according to the origin
of the states itself. The band in green is the Bi bilayer upper valence band, it displays a
slight spin split. The light blue band stems from the Bi2 Se3 conduction band and it shows a
pronounced splitting below the Fermi level. In yellow we outline an M-shaped state coming
from the Bi2 Se3 valence band. And at last we highlight in blue a Dirac cone-like state. In
order to fully understand what happens at the electronic structure at the interface we can
picture the following real space scenario: The bilayer is strongly inﬂuenced by the coupling
with the substrate. From the free standing Bi bilayer, whose band structure is pictured in
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Fig. 5.3(b), the bilayer is here interfaced with Bi2 Se3 , in this situation we assist to a strong
charge transfer from the ﬁlm to the substrate; this charge transfer results in a p-doping
of the bilayer and the subsequent n-doping of the substrate. By looking at the electronic
structure this eﬀect is expressed in the position of the maximum of the bilayer valence band:
for the free standing case, the VB maximum is localized few meV below the Fermi level,
for the interacting system it is found more than 0.6 eV above the Fermi level. The opposite
eﬀect is visible for the substrate conduction band whose minimum drops to 0.2 eV below
Fermi level. A similar charge transfer eﬀect was already proposed by Chen et al. for the
Bi bilayer grown on Bi2 Te3 and was attributed to the diﬀerence in work function between
the ﬁlm and the substrate [144]. Further indication of this phenomenon comes from the
Rashba-like splitting found for the Bi2 Se3 CB and the Bi bilayer VB.
The band outlined in light blue is a two dimensional electron system at the interface
that derives from the substrate conduction band. From the calculations it appears that VB
and CB are interpenetrating each other around the Fermi level and they hybridize around
the crossing point, creating a small gap in Γ̄M̄ direction. It must be noted that there is no
actual absolute hybridization gap opening because the gap is closed along Γ̄K̄.
We focus our attention on the band marked in dark blue. The appearance of the new
Dirac cone state at the interface was already observed in previous works on similar systems
[139, 140, 145, 146] and it was described as an interface spin-polarized Dirac cone that
coexists with the Bi2 Se3 (Bi2 Te3 ) topological state. We argue here that the formation of
this state is due to the hybridization of the bismuth lower valence band with the Bi2 Se3 .
The strong spin-orbit coupling splits the Bi state in two spin polarized bands. The Bi2 Se3
topological state is merged at the interface with this interface Dirac cone, or is shifted
downward (the Bi2 Se3 topological state that appears as light open marker belongs to the
opposite face of the slab). If the two where to coexist, an even number of states would encircle the Γ̄ TRIM and the non-trivial topology of the system would be phenomenologically
broken. Since the topological considerations for a 3D and a 2D material lie in diﬀerent
dimensions the surface topology is expected to remain non trivial.
The ARPES data are compared to the result of the DFT calculations for the occupied
states in Fig. 5.3(c): The bilayer valence bands show the same dispersion behaviour and a
band crossing occurs in fact at ∼0.2 eV below the Fermi level. The blue Dirac cone gives
rise in the spectrum to the high intensity point seen on the Fermi surface. Because of the
large spectral broadening it is not possible to disentangle the Rashba split of the conduction
band.

5.2

FT-STS and JDOS simulations, an indirect probe of
complex structures

STM topography on the system reveals a ﬂat ﬁlm surface with sparse impurities (Fig.
5.4(a)). The bismuth growth is conﬁrmed to be coherent on the substrate along the [111]
direction. The in-plane lattice constant results compressed of about 10% and the ﬁlm
thickness is 6.3 Å. Theoretical predictions conﬁrm that the strained bilayer grown on Bi2 Se3
maintain the non trivial topology [147]. The distance between the bilayer and the substrate
(4.4 Å) is found to be markedly higher than the inter-layer distance in bulk bismuth.
In order to further clarify the electronic structure of the system and to better conﬁrm
the theoretical prediction brought forward by the DFT calculations, we study the electronic
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structure via FT-STS.

5.2.1

Quasi particle interferences

Diﬀerential conductance maps have been acquired in the presence of few point impurities
for diﬀerent energies from -1 eV up to +0.4 eV (energies are here referred as E-EF as they
are negative for occupied states and negative bias and positive for positive biases and unoccupied states). The spectroscopic maps are acquired in presence of a ﬁnite number of point
impurities, these scattering centres are mostly crystal imperfections or single adsorbates.
Fig. 5.4(b-i) shows the diﬀerential conductance maps acquired in the same region of
the topography in panel (a), for positive and negative biases. In all the maps quasi-particle
interference patterns around the impurities are visible. At high negative bias the QPI assumes the form of localized wrinkles with hexagonal geometry around the impurities. At
low bias the hexagonal geometry is maintained but the QPI signal is much stronger. The
wavelength of the modulation is also larger, symptom of smaller scattering vectors. The
situation is a bit diﬀerent at positive bias where the modulation pattern is less discernible.
As discussed in Section 2.2 by performing the Fourier transform of the diﬀerential conductance maps the QPI is mapped in the reciprocal space and it can be related to the electronic
structure of the surface at constant energy. By carrying the information into the k-space
we can make a signal analysis disentangling all the frequencies (scattering vectors) present
in the modulation pattern.
The Fourier transformed images of the diﬀerential conductance maps are shown in Fig.
5.4(j-q). The images have been symmetrized according to the 6-fold symmetry of the
surface. We analyse at ﬁrst the general trend of the features: All negative bias QPIs have
two or more distinct concentric regular hexagonal features. In general the outer hexagon
decreases its size closer to the Fermi level. For positive biases the regular hexagonal shape
is replaced by a more warped contour. This star-like shape generally increases in size
increasing the bias while in the inner part there is a ﬂower-like shape feature. Disentangling
all the possible features is a very arduous task. The band structure of the interface is
complicated indeed and the bands descend both from the ﬁlm and the substrate. Moreover
not all scattering events are possible or detectable by the STS. A better understanding
requires the use of some computational model.

5.2.2

The simulation procedure: the Joint Density of States

We compute joint density of states (JDOS) simulations for the system [148]. The procedure
is the following: The main Fourier component of the LDOS is
1
g(E, q) = 2
4π





E(k)=

E(k )

f (k, k’)δ(q − k + k’)d2 k d2 k’,

(5.1)

which is basically a delta function around the possible scattering vectors times a matrix
element factor corresponding to the probability of the scattering event to occur and/or
be detected (f (k, k’)) [149]. First we map all possible scattering vectors for the system
without taking into account the scattering probability. To do this one must know (or
have an idea of) the constant energy contours of the material’s electronic structure. The
JDOS simulation approach consists in computing the self-correlation function of the band
structure’s 2D CEC in k-space at a given energy. This process, schematised in Fig. 5.5,
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Figure 5.4: (a) Constant-current STM image of an area of the bismuth bilayer (V=-50 mV, I=3 nA; scale
from 0 to 80 pm). The crystallographic directions are indicated. (b)–(i) STS images of the same sample
area as in (a) measured at the indicated sample biases (I=3 nA). The colour range covers the following
ranges of conductances: (b) 0.09 to 0.13 nS, (c) 0.09 to 0.17 nS, (d) 0.17 to 0.29 nS, (e) 0.23 to 0.4 nS,(f)0.4
to 0.7 nS,(g) 1.2 to 2 nS,(h)0.46 to 1.8 nS,(i) 0.23 to 0.79 nS. (j)–(q) FT-STS images resulting from Fourier
transformation of (b)–(i) and image processing as described in the text.
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actually counts the number of all possible scattering vectors within the same CEC. The
resulting number for a particular scattering vector is then plotted in a scattering vector
space (q-space) in analogy with the FT of the standing waves. This approach has been
successfully utilized to help the interpretation of QPI patterns, it was pioneered for the
case of high temperature superconductors [150, 151] and more recently used in the ﬁeld of
topological insulators [152, 153].

CEC
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q2

q2
ky

kc

q1

q1
2kc

qy

q3
kx

q3
qx

Figure 5.5: (a) Schematic representation of the joint density of state approach: all possible scattering
vectors are counted and mapped into q-space.
In order to gain access to the shape of the CECs the FT-STS technique is usually used
in symbiosis with ARPES. Displaying iso-energy images from ARPES datasets provides a
direct observation of the CECs. The ARPES intensity, in its spectral function shape, is
proportional to the density of states of the detected state. This means that it is possible
to use the intensity of the spectral function signal I(k ), proportional to the DOS(k ) at a
particular crystal momentum, to compute the joint density of states. The self correlation
function is calculated from the spectral function intensity I as:


I(k ) M (k , k + q ) I(k + q )dk ,

(5.2)

where I is the spectral intensity and M is a scattering matrix element.
Before describing the results of the simulations on the Bi bilayer, we spend few words
on the computational details of the JDOS procedure and the main characteristic feature
encountered. The code for calculating the JDOS has been written in the IGOR software
environment [154]. Each CEC consists of a quadratic 150x150 grid of intensities. The
intensity of the signal in the JDOS at the point q is calculated as the sum of the intensities
of all possible scattering vectors q in the CEC grid as schematically represented in Fig. 5.5;
each scattering vector intensity is calculated as the product of the intensities of the spectral
function in the two points k and k’ being q=k’-k times an eventual matrix element. This
means that only the vectors connecting two points on the CEC actually contribute to the
JDOS signal. The code is written in such a way that the diﬀerent bands can be separated
and the speciﬁc contributions of the JDOS features can be easily disentangled by computing
speciﬁcally selective self and cross correlation between any couple of bands.
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Moreover, in order to take into account the spin splitting of the bands, we construct
spin matrix elements M. [152, 155] The matrix elements are created following standard
Fermi’s golden rule as overlap integral of the two spin states at k and k’. The spin states
are represented by normalized spinors Ψk = √1 [1, ±iexp(iθk )]. As long as the scattering
(2)

impurity does not carry a magnetic moment the impurity potential V can be brought out
of the integral <Sk |V|Sk > and the matrix elements are calculated as
1
M (q) = | < Sk |Sk > |2 = (1 ± cos θq ),
2

(5.3)

where θq is the angle between k’ and k and ± takes care of the identity of the two band
branches. The spin factor depends on the angle between the directions of the spins in k
and k’. With these spin considerations the scattering between two states of opposite spin
polarization is forbidden and the respective signal in the JDOS with spin matrix elements
(s-JDOS) is suppressed. By looking at the factor 1/2 (1± cos θq ) it turns out that not only
the backscattering is suppressed but the intensity of the signal varies as the cos(θ) and a
certain degree of signal suppression is expected for a wider range of angles.
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Figure 5.6: JDOS ans s-JDOS examples for (a) a circular CEC and (b) for an hexagonally warped CEC.
The main scattering vectors are represented by arrows, The s-JDOS are calculated assuming an in-plane
helical spin texture, in this case the backscattering is suppressed.
Fig. 5.6 is a pedagogical representation of the results of JDOS and s-JDOS simulations
for two examples of simple CECs: The circle and the warped hexagon with helical spin
texture. Backscattering is suppressed in the s-JDOS.
It must be noted that the JDOS simulations are not an ab initio model and should
not be used for ﬁtting the experimental results but rather as a phenomenological platform
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for comparison with the QPIs. In fact the JDOS shows all possible scattering vectors and
provides information on their origin; the introduction of physical matrix elements, like the
spin probabilities used here, are to be used to compare features that get suppressed or
enhanced but do not provide a full description of the QPI intensity. On the other hand the
JDOS are a very practical, simple, and somehow eﬃcient approach for understanding the
QPI patterns.
The CECs can be obtained by creating a model-spectral functions with arbitrary small
broadening from the bare band energy dispersion obtained by ﬁtting the ARPES signal,
when possible. An other approach consists in calculating the constant energy surfaces
by computing the material tight binding Hamiltonian, when this is known [156]. Give
the complexity of the system here under study the tight binding approach would be a too
simple model. We develop a semi-theoretical approach to model the complex band structure
spectral function. This will provide us a rather precise model for the electronic structure
and the possibility to study unoccupied states as well. The entire procedure that starts
from the model spectral function creation to the computation of the JDOS is graphically
represented in Fig. 5.7:
LDA slab calculations for the Bi bilayer/Bi2 Se3 system around Γ̄ are computed along
three diﬀerent direction in a 0.7 Å−1 range in the surface Brillouin zone. We speciﬁcally
chose the Γ̄-K̄, Γ̄-M̄ and Γ̄-B̄ directions where B̄ is deﬁned as the point along the perimeter
of the surface Brillouin Zone that sits at equal distance between K̄ and M̄ (Fig. 5.7(a)).
The relevant eigenvalues E(k) for each band have been isolated and symmetrized in k-space
according to the pseudo 6-fold symmetry of the system, which resulted in the description
of the band structure along 12 diﬀerent directions. We used a 3-dimensional interpolation
of the data to obtain a full proﬁle of the single electron bare energy. Note that this
method does not require to ﬁt the dispersion proﬁle with any functions but uses a Voronoi
natural neighbours interpolation of scattered data points [157]. Thanks to the interpolation
procedure we can avoid using functions to model the bare energy dispersion; this would
indeed be an hard task, and very un-precise given that the dispersion of these bands is far
from being free-electron-like. In the end we create a full 3-dimensional spectral function
in the energy range [-1.00,+0.65] eV using the interpolated dispersion data-points as bareenergy term (k) and by implementing a modiﬁed version of the spectral function Equation
2.8:
|Σ (E, k)|
∗ W (E, k),
(5.4)
A(E, k) =
[E − (k) − Σ (E, k)]2 + Σ (E, k)2
where E is the electron energy, Σ and Σ are real and imaginary part of the electron
self-energy here arbitrarily set to 0 and 0.001 eV. We introduce a localization weight term
W(E,k) as a weighting factor of the spectral intensity. This term is proportional to the wave
function localization of each state |E, k on the Bi-bilayer surface. The W factor is computed
through all the 3D grid with the same symmetrisation-interpolation procedure used for
(k) starting from values associated to the individual points of the DFT calculations. Fig.
5.7(b) displays a three-dimensional prospect of the model-spectral function. The intensity
for diﬀerent bands changes with the localization wave factor. Thanks to this trick we take
care of the surface sensitivity of the STS technique and in the same time it sets to zero all
the bands that result from the slab calculation which have low contribution on the bilayer
surface and will be unlikely to contribute to the QPI pattern. The spectral function is
cut at diﬀerent binding energies above and below the Fermi level to obtain the constant
energy contours as shown in Fig. 5.7(c). A good match is found in the comparison with
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the ARPES CECs for the occupied states. Once isolated the constant energy contours, we
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Figure 5.7:

CECs

Spectral function modelling and JDOS simulation: (a) DFT calculations along three high
symmetry directions in the surface Brillouin Zone (Γ̄–M̄ , Γ̄–K̄ and Γ̄–B̄). (b) three dimensional spectral
function modelled by 3D- interpolation of the DFT calculations. (c) Constant energy cuts through the
spectral function and comparison with ARPES for occupied states. (d) comparison between QPI and
JDOS.
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perform as ﬁnal step the JDOS simulation as described in Eq. 5.2 (Fig. 5.7(d)).
The spin texture of the system is simpliﬁed as follow: We assign to the interface Dirac
cone the typical chiral spin texture of the topological states [145]. We approximate the spin
texture of the Bi2 Se3 interface conduction band and of the Bi bilayer upper valence band
(both spin split) with a Rashba-like in-plane spin polarization
Spin directions in an example constant energy contour are represented in Fig. 5.7(c).
For most of the energies introducing the spin matrix elements do not results in a clear
suppression of some feature because the bands are often close to degeneracy, nevertheless
s-JDOS results in an improvement of the relative intensities (more similar to experimental
data) respect to normal JDOS. To quantify the eﬀect of the spin polarization on the JDOS
we compute the cross correlation between experimental data and JDOS/s-JDOS. We obtain
71% in the case of JDOS and 80% in the case of s-JDOS.

5.2.3

QPI vs JDOS

We analyse now the results obtained and the comparison with the experiments. We focus
on ﬁve energies that are representative of the overall electronic structure. Fig. 5.8 shows
a direct comparison at -0.80 eV, -0.35 eV, -0.15 eV, +0.25 eV and +0.35 eV: on the top
row the CECs are shown, in the middle row the s-JDOS resulting from the CECs are
displayed, at the bottom row the experimental QPI are reported. The main scattering
vectors are displayed by arrows on the CECs, to each vector correspond interference features
highlighted by small features of the same colour in the s-JDOS and QPIs.
We ﬁnd an overall good agreement in the shapes and features: Below the Fermi level
the hexagonal shape comes from a warped hexagon CEC, by approaching the Fermi level
the hexagon becomes smaller. For the unoccupied states the overall shape is star-like with
6-fold branches along Γ̄–M̄ .
We explore the features more into detail following the schematics of the ﬁgure. For the
energies -0.8 eV and -0.35 eV the CEC is a double hexagon (Bi VB) and a circle (interface
Dirac cone) inside. The following scattering signatures are found, referred to their colour
in the ﬁgure:
Green - Bilayer valence band (intraband): This is the backscattering within the hexagonal contour, since the two VB are spin polarized the actual backscattering is suppressed;
nevertheless the two VBs are almost degenerate in a long energy range in the calculations
and therefore the backscattering direction still provides strong intensity. The intraband
scattering creates the outer hexagonal contour in the s-JDOS. This outer feature is present
in the QPI at -0.35 eV but it is absent at lower energies, i.e. at -0.8 eV. The absence of
these feature at low energy can be due to two factors: no intraband scattering happen at
-0.8 eV or the sensitivity of the technique for large k-values becomes too low to detect such
short wavelengths. By switching oﬀ this channel in the simulations a very good agreement
with the QPI is found (not shown) The dark green vector represents scattering alongside
of the hexagon. This gives rise to six sharp features starting from the centre in the JDOS
and it appears in some QPI as six high intensity dots
Orange/Red - Bilayer/Dirac cone (interband): An interband scattering event that occurs between the outer hexagon (Bi VB) and the inner circle (DC). From a purely geometrical point of view, the self-correlation of a CEC composed by a concentric hexagon and a
circle gives rise to a bulky hexagonal shape hollow in the centre. The two extrema of this
hexagonal crown are the forward (red vector) and backscattering (green vector) between
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Figure 5.8: Comparison between calculated CECs (a)–(e), resultant JDOS (f)–(j), and measured FT-STS
(k)–(o) at the indicated energies. The arrows in the CECs represent scattering vectors q, and the arrows
or crosses of the same colour indicate the resulting features present or absent, respectively, in the JDOS or
FT-STS images.

the two geometrical objects. This is exactly what appears in the QPI and the s-JDOS. In
particular at -0.8 eV the QPI, the hexagonal crown is well discernible as simulated by the
s-JDOS.
For the CEC at -0.15 eV the Dirac cone is close to the Dirac point. Qualitatively there
is a good match between the JDOS and the QPI but the radius of the outer feature in the
QPI is quite larger than for the simulation. It appears that the DFT calculation fails in
quantitatively predict the correct dispersion around the Fermi level where the hybridization
between the bismuth and the Bi2 Se3 bands occurs. This can be caused by the approximation
in the LDA-slab framework but it can also be due to a slightly stronger or weaker interaction
with the substrate with respect to what it is computed. The presence of the conduction
band in this region is not easily detectable yet because of the low spectral weight and the
too small interband scattering vector. A clear signature of the role played by the interface
Bi2 Se3 conduction band appears right above the Fermi level.
As last step we look at the scattering channels in the region above the Fermi level. In
this region we have clear evidence of the opening of a new scattering channel, the Bi2 Se3
conduction band at the interface. Right above the Fermi level the bismuth band penetrates
and hybridizes with the Bi2 Se3 band so that the latter becomes the most external contour.
More in details we analyse the contours at 0.25 eV and 0.35 eV The CECs consists of an
hexagonal snowﬂake that stems from the CB and two almost circular contours from the
bilayer VB. The warping on the VB is here small close to the maximum of the band. The
s-JDOS presents many features that are not present in the QPI but it also reproduces the
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main features.
We can identify 2 main features: Blue - CB scattering (intraband): the blue vectors
represents the intraband scatterings in the CB. The corresponding features in the QPI (and
JDOS) are the outer branches that appear along the Γ̄M̄ direction. The dark blue is used
for the scattering along the side of the snow-ﬂake shape, giving rise to the small features
around the centre. Yellow - Bilayer/CB (interband): This interband scattering gives rise
to a bulky ﬂower shape, characteristic for the scattering between the snowﬂake CEC of
the CB and a circular CEC. This feature proves the coexistence of the two bands in the
unoccupied states region. The electrons at the interface scatter from the Bi2 Se3 state to
the Bi bands.
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Figure 5.9: Comparison of the dispersion of the scattering vectors from FT-STS (dots) and JDOS simulation (lines) along Γ̄M̄ corresponding to the following q as indicated: Bi bilayer intraband scattering (green),
Bi2 Se3 CB intraband scattering (light blue), interband scattering between Bi bilayer and Bi2 Se3 VB (grey),
and between Bi BL and DC (pink and orange). The dotted pink and orange lines are the corresponding
interband scattering channels of the DC into the second branch of the Bi bilayer band of equal spin helicity,
which are forbidden by spin conservation. Dark blue line, scattering alongside the hexagonal part of the Bi
bilayer CEC; grey dotted lines, Bi2 Se3 CB intraband scattering vectors. The red line indicates the dispersion of the DC intraband scattering which is not observed (b) DFT-calculated band structure including the
observed scattering vectors q as arrows with the same colours as the corresponding dispersions in (a).
By analysing the scattering vectors in a long range of energy below the Fermi level,
we can track back the electronic structure of the system and compare it with the structure we used for the simulations. In Fig. 5.9(a) the scattering vectors’ lengths obtained
from the QPI features along Γ̄M̄ are plotted against the electron energy. Symbols are the
experimental features and lines derive from the simulations (dotted lines from the homologous spin split bands). In Fig. 5.9(b) the main backscattering vectors are displayed on
the calculated band structure to help the reading. We notice a remarkable agreement of
the simulations with the experiments. The VB intraband scattering is displayed in green.
A good agreement in the dispersion is found but it diverges above -0.2 eV as previously
discussed. Any signature of the VB intraband backscattering disappears below -0.5 eV. The
interband scattering channels represented in dark red and orange carry useful information:
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ﬁrst of all we obtain convincing signature that the Dirac cone state is present for a wide
energy range at the interface between the bilayer and the substrate. Being an interface state
that mainly comes from the 2-dimensional bismuth ﬁlm, the state does not need to merge
into the bulk bands as it is common for the 2D topological states in three dimensional
systems, hence it can be quite extended. The state has a linear dispersion as predicted
by the DFT calculations. While the state is protected from intraband backscattering, we
obtain here direct proof that the state is not protected from interband scattering. A clear
signature of interband scattering with the bilayer bands persist in the QPIs along all the investigated energy range. Note that, according to the calculation, no absolute gap is opened
around the Fermi level in the Bi and Bi2 Se3 bands, which would make the Dirac cone accessible. Nevertheless one could think of opening the hybridization gap by, for example,
increasing the interaction with the substrate. Above the Fermi level the channels involving
the conduction bands are opened. The grey symbols, below -0.4 eV, represent dispersing
features detected in the QPI. Arguably these features, from the dispersion and size, could
be attributed to intraband scattering in the Dirac cone. However this is more likely due to
scattering events between the bismuth valence bands and the Bi2 Se3 valence bands, since
the feature disappears above the top energy of the Bi2 Se3 VB.
We note that the presence of the bilayer VB so high in energy does not only demonstrate the strong doping due to the charge transfer eﬀect but it also has very important
consequences from an application’s point of view. We have argued that the bilayer ﬁlm
can be grown on top of Bi2 Se3 without losing the topological properties, this allows the
existence of helical dissipationless states on the edges. But we need to consider that the
topological edge states can only be found within the bilayer gap. The gap is obviously located right above the upper valence band. In order to be able to access the edge states the
gap, and therefore the valence band, must be brought down to the Fermi level. The QPI
demonstrates the existence of the VB up to 0.3 eV above the Fermi level and, according to
the calculation, the valence band maximum is located above 0.6 eV. Even if the existence of
the edge states for such a system was proven it will not be possible to directly exploit them.
The most obvious solution would be to decouple the ﬁlm from the substrate. Unfortunately
it is still not clear how this can be accomplished. Another solution would be to selectively
populate the bilayer states with local doping with surface adatoms.
We can summarize the main achievement obtained by the combined analysis of FT-STS
and s-JDOS simulation: We conﬁrmed for most regions the electronic structure predicted
by DFT. We found the signature of the existence of an extended Dirac cone-like topological
state created at the interface between the Bi bilayer and the Bi2 Se3 . Even if the intraband
scattering is forbidden interband scattering occurs from the Dirac state. For most of the
energy range investigated, we observe co-presence of intraband and interband scattering.
The bilayer gap in this system is located higher than 0.4 eV above the Fermi level because
of the charge transfer from the ﬁlm to the substrate.

5.3

Conclusions

We have studied the electronic structure at the interface between a single Bi bilayer (111)
and the surface of Bi2 Se3 (111). The Bi bilayer is a 2D topological insulator and Bi2 Se3
is a 3D topological insulator. We have grown the bismuth ﬁlm by MBE in vacuum on a
cleaved substrate surface. The bilayer grows coherently on the substrate with small in-
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plane squeezing of the unit cell to accommodate on the Bi2 Se3 . The electronic structure
has been studied by ARPES, DFT calculations and FT-STS. The ARPES data show the
presence of two new states created by the presence of the bilayer: the Bi upper valence
band and a new Dirac-cone like state. The FT-STS show a complicated pattern of possible
scattering vectors. In order to fully understand the experimental results we perform joint
density of states simulations taking into account the spin texture of the system starting
from three-dimensional spectral functions modelled on the DFT calculations. We ﬁnd a
remarkable good agreement between the simulations and the FT-STS. Thanks to the JDOS
simulations, we can assign a physical meaning to each FT-STS feature. Our results conﬁrm
the presence of an extended Dirac state around Γ̄. This band is generated by the coupling
of the two surfaces in a strong spin-orbit coupling regime. The interaction between the
bilayer and the substrate hybridizes the Bi bands and gives rise to the new chiral state.
The overall topology of the system is maintained. FT-STS analysis conﬁrms the linear
dispersion of the Dirac cone and demonstrates the existence of Coulomb-impurity driven
interband scattering between the Dirac cone and the bismuth valence bands. By interfacing
the two materials, a charge transfer from the ﬁlm to the substrate occurs causing the bilayer
gap to lie several hundred meV above the Fermi level. At the interface a local electric ﬁeld
stimulates the creation of 2DEG-like quantum well state with high surface localization.
Inter-band scattering between bilayer and Bi2 Se3 bands is allowed and demonstrated.
The use of s-JDOS simulations modelled on DFT calculations has proven to be most
useful to obtain information about electronic structure and scattering channel, for both
occupied and unoccupied states. This new approach, based on the creation of a 3D spectral
function, from DFT calculations, that can be easily manipulated, revealed to be a powerful
tool of analysis with potential for future applications of the kind.
In terms of possible electronic application, this study shows that the Bi bilayer can be
grown on Bi2 Se3 . Unfortunately the hybridization causes the bilayer gap to be inaccessible
for transport and the Fermi level must be tuned to be in the midgap if the 1D edge states
should be exploited.

Chapter 6

Electronic structure of rare earth
diantimonides: LaSb2 and NdSb2
6.1

An overview

Light rare earth (r.e.) diantimonides share the same SmSb2 -type crystal structure. After
being overlooked by the scientiﬁc community for several decades, the work of Bud’ko et
al. in 1998 on the magnetoresistive properties of diantimonides, produced a renovated
interest in these materials [7]. Bud’ko et al. measured several transport and magnetic
properties of light r.e. diantimonides LaSb2 , CeSb2 , PrSb2 , SmSb2 and NdSb2 . Many
diverse physical properties were found, with particular remark on the magnetoresistance
and magnetic phases at low temperature. In particular for LaSb2 , NdSb2 and PrSb2 an
anisotropic linear and non-saturating magnetoresistance was found. While all the other
compounds presented several magnetic phases, LaSb2 is the only one which is diamagnetic
at all temperature. The absence of magnetic phases strongly simpliﬁes the study of this
material, specially for low temperature measurements, making it preferable to the others
as sandbox to investigate physical properties.
LaSb2 crystallizes in orthorombic structure with space group Cmca [158]. The crystal
structure is sketched in Fig. 6.1(a). The lattice is layered, with planes perpendicular
to the [001] axes. Two Sb-terminated quintuple layers ﬁt in one unit cell. Within the
quintuple layers two LaSb sheets are separated by a planar sheet of Sb atoms. The size of
the unit cell parameters along [100] and [010] is quite similar, while along [001] it is three
times higher (details in the Section 6.3). Given this crystal structure, strong anisotropy
in the physical properties is expected. In the work of Bud’ko et al. LaSb2 was found to
have almost isotropic linear magnetic susceptibility, linear in-plane resistivity with metallic
behaviour and linear magnetioresistance. Curiously the application of a magnetic ﬁeld
produces a singularity in the ρ/T curve, whose origin is still unknown and subject to
debate [7]. The most surprising behaviour is the linear magnetoresistance which does not
saturate to high ﬁelds. These results were later reproduced and conﬁrmed by Young and
DiTusa who show the magnetoresistance does not saturate up to 45 T [160, 161]. Fig.
6.1(b) shows the transverse magnetoresistance behaviour for currents in the a-b plane with
magnetic ﬁeld parallel and perpendicular to the a-b plane. The resistance increases up to 90
times in the parallel geometry but it is one order of magnitude lower for the perpendicular
measurement. Values of magnetoresistance are also signiﬁcantly higher than for silver
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Figure 6.1: (a) Orthorombic structure of LaSb2 , belonging to the space group Cmca. The crystal possesses
a highly layered structure with planar Sb sheets and Sb-terminated quintuple layers. Adapted from Ref.
[159]. (b) Transverse magnetoresistance of LaSb2 at T=2 K with the current in the ab plane and magnetic
Field oriented parallel (closed circles) and perpendicular (open circles) to the ab plane. Inset: Low ﬁeld
magnetoresistance with Hab plane. Adapted from Ref. [160]. (c) Temperature dependence of the position
of the quasiparticle peak in the density of states. The black solid line is the temperature dependence of the
superconducting gap in BCS theory. Inset shows the tunnelling conductance curve at T = 0.15 K. After
Ref. [8].

chalcogenides compounds, largely studied as promising magnetic sensors materials [162].
The strong anisotropy and the large linear magnetoresistance has put LaSb2 under the
spotlight for directional magnetic sensor material [160].
The semi-classical description of the magnetoresistance predicts the resistance to be
saturating, for close orbits, or to be varying quadratically with the magnetic ﬁeld for open
orbits. The co-presence of linear behaviour and non-saturation is therefore unusual. Many
theories on linear magnetoresistance have been discussed for these materials. A comprehensive review of all the possible factors inducing such behaviour was given by Bud’ko et
al. but none of these was conclusive [7]. Among the most accredited and discussed theories
are the quantum linear magnetoresistance and the possible presence of charge density wave
(CDW) order. The former was brought forward by Abrikosov in 2003 [44]. The quantum
theory can account for the reported behaviour but it requires the presence very small carrier
densities and eﬀective masses and possibly a Dirac cone-like dispersion close to the Fermi
level. In the eﬀort to explain the linear magnetoresistance of rare earth diantimonides,
knowing that the electron density is "non-small", but without knowledge of the electronic
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structure, Abrikosov postulates that the secret for linear magnetoresistance lies in the presence of small linearly dispersing pockets in the energy spectrum coupled with interband
transitions [44].
The hypothesis of charge density waves and magnetic ﬁeld induced CDWs have also
attracted a lot of attention. The CDW is a periodic modulation of the electron wave
function in one or two dimensions, typically accompanied by a lattice distortion of the
same wavelength, and it drives the metal in an insulating state. Linear magnetoresistance
can be ascribed to this [163]. The strong two-dimensionality of this layered materials and
the possible presence of strong nesting vectors at the Fermi surface in LaSb2 seem like
a fertile ground for CDW presence. Prototypical materials for CDW, TaSe2 and NbSe2 ,
present a similar crystal structure [164]. The presence of CDW in LaSb2 was investigated
and discussed by diﬀerent authors [8, 159, 161, 165]. Contrasting ﬁndings do not provide a
convincing prove for either case but most recent results through optical conductivity seem
to more strongly rule-out the CDW presence. The cause of the linear magnetoresistance is
still unknown.
More recently LaSb2 has been found to have superconductive properties, with critical
temperature typically below 1.2 K [8, 166]. Superconductivity was found to be anisotropic,
with anisotropic Meissner eﬀect and potentially two-dimensional, because of the weak coupling between layers in the c-direction. The superconducting gap as measured by low
temperature STM and its temperature dependence are represented in Fig. 6.1 (c) [8] and
represent the behaviour of a type I superconductor. A wide superconducting transition was
found, compatible with a multi-band model of superconductivity.
All the above presented knowledge is often more conjectural than factual. No deﬁnite
explanation for the magnetoresistance, nor a good theoretical model for the superconductivity is known. This un-decisiveness is arguably attributable the lack of knowledge of the
complete electronic structure of the material. Timid attempts in the experimental investigation of the electronic structure were done employing transport measurements and de
Haas-Van Alphen oscillation. Goodrich et al. found the existence of three Fermi surfaces,
two of them with two dimensional character and one, small, with three dimensional dispersion. The comparison with DFT calculations of the Fermi surface gave good agreement with
the experimental results in placing the three bands but also revealed the presence of a large
portion of the Fermi surface which is not detected by the de Haas-Van Alphen measurements [165]. Previous photoemission results by Acatrinei et al. are used to identify spectral
features down to several eV below the Fermi level, assigning their orbital origin, but it fails
in describing a dispersion relation of the low energy band structure [159]. Further information was obtained by transport experiments which revealed for LaSb2 medium-low carrier
density at the Fermi level (3.0 · 1020 cm−3 ) [160] and small eﬀective masses (m = 0.20 me )
[165]. Hall measurements revealed moreover signatures of co-presence of opposite carriers
at low magnetic ﬁeld values and hole-like behaviour for High magnetic ﬁelds [160].
It is clear that to fully understand the promising physical properties of LaSb2 , a clear
picture of the electronic structure needs to be formed. The amount of work done on this
material is actually quite small and it seems to have never caught the attention of the solid
state community despite the very promising premises.
In the attempt o ﬁll a gap in the knowledge of the electronic properties of rare-earth
diantimonides we employ in this work angle resolved photoemission spectroscopy coupled
with DFT calculations on LaSb2 to describe the electronic structure of this material. First
we will describe the experimental challenges of such an experiment, then we will present and

90

Chapter 6. Electronic structure of rare earth diantimonides: LaSb2 and NdSb2

(b)

(a)

crystalline

Sample to be cleaved

Terraces

m

~2m
(c)

Cleaved surface

~2mm
poly-crystal

Figure 6.2: Optical microscope images of LaSb2 samples. (a) Part of a big piece of crystal as coming from
the sythesis process, terraces of larger crystallites are alterned with polycrystaline portions. (b) Sample
prepared for cleaving, the edges are cut along dislocation lines visible on the surface. (c) Example of surface
after cleaving, used for ARPES measurements.

discuss the results on LaSb2 . In the end the results for NdSb2 are shown for comparison.
LaSb2 and NdSb2 samples are grown by Karl Frederik Faerch Fischer at the Iversen lab
in the chemistry department at Aarhus University. DFT calculations are performed by
Ganapathy Vaitheeswaran at Hyderabad University and with the contribution of Axel Svane
from Aarhus University. ARPES and analysis have been performed by the author.

6.2

Synthesis and experimental challenges

LaSb2 single crystals were synthesized with self-ﬂux method. Lanthanum is cleaned from
oxides with an arc melter in argon atmosphere. The self-ﬂux syntheses were carried out in
Al2 O3 crucibles in vacuum-sealed quartz ampoules with a static vacuum of 10−4 mbar to
prevent oxidation. The two pure elements were mixed in ratio 1:9 lanthanum to antimony.
The compound is brought to 1323 K in ten hours. The compound is maintained at that
temperature for ﬁve hours and successively cooled very slowly (1◦ /hour) to 913 K and
later brought to room temperature. The crystals are then separated from the ﬂux by
centrifugation [167]. X-ray diﬀraction conﬁrms the orthorombic SmSb2 structure. From
structure reﬁnement we ﬁnd the lattice parameters a = 6.321685 Å, b = 6.198740 Å,
c = 18.533371 Å.
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The utilization of the LaSb2 for ARPES experiments has revealed diverse experimental
challenges, mostly connected with the quality of the surface. Since the amount of studies
on the surface of these materials is very little, possibly also because of the diﬃculties in
the preparation, we think it is worth to spend few words on the experimental procedure for
the surface preparation. The synthesis yields crystals of various sizes. Part of a big crystal
is shown if Fig. 6.2(a). Crystal pieces usually have polycrystalline phases and some singlecrystal-like surfaces. The crystalline portions present several millimetric terraces visible at
bare eye or optical microscope, revealing the layered nature. Micrometric dislocations and
domain boundaries, are visible on the ﬂat surfaces. We presume the ﬂat surfaces expose
the ab planes, given the layered structure. The standard procedure for surface preparation
in layered materials is cleaving. We ﬁnd that, despite the strongly layered structure, the
crystal is quite resistant to the cleavage. This is probably due to both strong interlayer
bonds and a high density of defects and dislocations in the crystal. Given the stiﬀness of
the material the cleavage with scotch-tape technique is impracticable. In vacuum cleaving
using top-post technique and using a blade to cut pre-prepared samples were attempted.
In our experience the best results were obtained with cold top-post technique in accurately
prepared samples. The operation is the following: the crystal was examinated under optical
microscope. It was then properly cut with a surgical blade along the visible dislocation
lines so that only one apparent domain, at the surface, was isolated. Rectangular and
triangular crystallites about 1-3 mm of dimensions with optically ﬂat and homogeneous
surfaces were obtained. The edges must be cut straight and, at times, indented to help the
cleavage in a preferential plane (see Fig. 6.2(b)). The post is glued on the surface and the
sample is transferred in the measurement chamber. The cleavage is performed in vacuum
(high 10−11 ) at around 100 K. Inspection of the sample surface after the measurements
usually reveal a scattered, non-uniform surface with crystallites of diﬀerent heights. This
imprecision must be attributed to the inhomogeneity of the crystallites below the surface,
despite the very careful preparation. Because of the stiﬀness of the material the cleavage
removes thick portions of samples. The samples are usually not re-usable after one cleave
(see Fig. 6.2(c)). It is unknown weather the sample cleaves preferentially at lanthanum or
antimony planes. STM studies have shown surface attributable to both terminations [8].
For cleaves yielding good ARPES quality photoemission, a strong time eﬀect at the surface
was found. The ARPES image becomes broad and background increases consistently in
less than one minute, making impossible to measure at the best conditions. After few hours
the sample surface is inadequate for ARPES experiments. We believe this time eﬀect is
due to the strong reactivity at the surface, typical of lanthanum compounds. The rest gas
reacts at the surface despite the fact that the cleaved sample only “experiences” a pressure
lower than 10−10 mbar. Whether this ageing eﬀect is catalysed by the radiation used for
photoemission is still unclear.

6.3

The electronic structure

ARPES have been acquired at the SGM3 beamline at ASTRID2 at around 80 K. All the
ﬁgures shown are acquired with photon energy of 70 eV. All calculations are performed by
using the Full-potential linear augmented plane wave method as implemented in wien2k
code [168], with the experimental lattice parameters and optimized atomic positions. We
have used the 30000 k-points, with 3906 k-points in the irreducible Brillouin zone for both
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Figure 6.3: (a) Fermi surface of LaSb2 (001) as obtained by ARPES. The ﬁrst surface Brillouin zone is
sketched on top. Letters refer to the high symmetry points in the surface Brillouin zone. (b,c) Fermi surface
of LaSb2 calculated by DFT: projection of the Fermi surface on the 2-D surface plane (b), and 3D plot in
the bulk Brillouin zone where k⊥ is the direction perpendicular to the kx -ky plane (c). (d-h) Projections
on the kx -ky plane of the Fermi surfaces originated from the ﬁve bands α (d), β (e), γ (f), δ (g),  (h) as
labelled in the ﬁgure.

band structure and Fermi surface calculations.

6.3.1

The Fermi surface

Fig. 6.3(a-c) shows experimental and calculated Fermi surface of LaSb2 . The surface, as
obtained by ARPES, has a distinctive 2-fold symmetry. The ﬁrst surface Brillouin zone is
sketched on top of the image. The surface Brillouin zone has rhomboidal shape. Because
of the similar value of the a and b lattice parameters the rhombus angles are 88.8 and
91.2, making it close to a square shape. It must not be forgotten, though, that the surface
only has 2-fold symmetry and not 4-fold. Two mirror planes are projected on the surface
in the Γ̄Ȳ and Γ̄X̄ directions. S̄ and S̄  points are deﬁned as shown in the ﬁgure. From
the experimental data (Fig. 6.3(a)) we can identify two major parts of the Fermi surface:
A surface with the shape of a warped square extends to the edges of the Brillouin zone.
The corners of the square are at the S̄ and S̄  points where they connect to the squares
of the next Brillouin zones. The bands giving origin to these states disperse almost in
one dimension (kx or ky ). The deviation from the one dimensionality is due the slight
quadratic warping. Inside the squared contour we can identify two oval pockets along the
Γ̄Ȳ direction.
The calculated total Fermi surface is shown in Fig. 6.3(b,c) as a projection on the kx -ky
plane (panel (b)) and as a 3D plot (panel (c)). A good agreement is found between ARPES
and DFT, that shows the same features. The calculations reveal the presence of ﬁve bands
that give rise to the Fermi surface. These are mapped separately in Fig. 6.3(d-h) and are
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labelled according to the ﬁgure. The inner ovals come from band α and β. These bands
were recognized in some previous work by de Haas-Van Alphen measurements (labelled α
and β in Ref. [165]). According to the calculated band structure the outer square contour
is also originating from two bands, labelled γ andδ. For both these bands the Fermi contour
is actually double, meaning that it is not generated by a unique pocket at the Fermi level,
but rather by 2 small directional pockets. The actual dispersion of these states will be
discussed later in the text. The quality and resolution of the ARPES Fermi surface does
not allow to recognise the double line contour. The band gives rise to small pockets at
the S̄ and S̄  points.
It is of great importance to look at the k⊥ dispersion of the Fermi surfaces (panel (c)
shows the k⊥ dispersion of the Fermi surface, this can also be visualized in the projected
surfaces inspecting the thickness of the contours). The surface of LaSb2 is characterized
by an almost exclusively two dimensional dispersion. Bands α,γ,δ have zero or little k⊥
dispersion leading to open orbits along the c direction in real space. Moreover γ and δ
have open orbits also in the ab plane, thus leading to the lack of signature in de HaasVan Alphen measurements [165]. The band β also has open Fermi surface but, from our
calculations, it shows two small k⊥ dispersing pockets. The small features deriving from
band are the only ones expressing close orbits in all directions. One way to prove this with
ARPES is to obtain photoemission maps at diﬀerent photon energies. Unfortunately the
photoemission experiment on this material is a hard task and a relevant energy-scan could
not be acquired, also due to the fact that only few photon energies yielded high enough
photoemission intensity. Fermi surface maps at few diﬀerent photon energies have been
acquired and no relevant change in the Fermi surface was found (not shown).

6.3.2

The band dispersion

To understand the nature of the Fermi surface we look at the dispersion in energy of the
band structure. DFT band structure calculations are shown in Fig. 6.4(a) along high
symmetry lines. Symmetry points in the bulk Brillouin zone are identiﬁed in Fig. 6.4(b).
The bands crossing the Fermi level are drawn in diﬀerent colours and labelled as in the
ﬁgure. The bands α– give rise to the respective Fermi surfaces α– of Fig. 6.3. Wide
s-p bands disperse down to 4.7 eV in binding energy. These bands are hybridizing with
several more localized bands resulting in the band dispersion observed. What we are most
interested in is the small details in the electronic structure around the Fermi level. The
electronic properties discussed in Section 6.1 lie in the details of the low energy spectrum.
We focus ﬁrst on the Γ̄X̄ direction, where, on the Fermi surface, only features coming
from the bands γ and δ are contributing. The photoemission spectrum in Fig. 6.4(c) is
taken along the red line shown in the inset. A intense band of s-p character, starting at
4 eV of binding energy, disperses parabolically upward out of normal emission. Here it
hybridizes with several other bands creating hybridization gaps. At Γ̄ at least two hole-like
bands disperse close to the Fermi level. The photoemission intensity vanishes close to the
Fermi level. In order to compare the ARPES with the calculated dispersion we compute
the two dimensional curvature of the ARPES intensity spectrum.
The curvature is obtained using the approach described in Ref. [169]. This is a widely
used method to locate the maxima in photoemission intensity proﬁles. The curvature image
has highest intensity where the intensity peak reaches its maximum. This method can be
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used to display small details and band dispersion in the photoemission spectrum when this
is to blurred or the background is too high for a convincing analysis.
The curvature spectrum is shown in Fig. 6.4(d), grey and coloured lines are the calculated band structure along the bulk Γ-X direction. We point out that comparing ARPES
results with the bulk calculations is not optimal, because the k⊥ value (photon energy
dependent) in the ARPES data is unknown, and we only have knowledge of k . The band
dispersion at diﬀerent points in k⊥ can be quite diﬀerent and the comparison can incur
in big mistakes. However, we have discussed how the low energy spectrum is strongly 2dimensional in LaSb2 , meaning that the dispersion is invariant in k⊥ . Given these premises
we expect that the dispersion of the bands close to the Fermi level will not be relevantly
aﬀected by the k⊥ uncertainty.
The match between experiment and theory is overall quite good and several bands can
be precisely reconciled. As expected the low energy spectrum ﬁnds a better match with
the calculations. At the Γ̄ point it is the β band (light blue) that barely touches the Fermi
level (but does not). Along Γ̄X̄ we expect to see intensity at the Fermi level related to the
outer square bands (γ and δ) in the Fermi surface. From the dispersion image it is not
immediately clear where these are dispersing. The DFT shows that γ and δ drop below
the Fermi level at k ≈ ±0.4 Å−1 creating small, shallow electron pockets. Interestingly
these pockets show linear dispersion. At the bottom these states create some sort of gapped
Dirac-like state with small hole bands at k ≈ ±0.4 Å−1 coming from the α and β bands.
The calculated energy gap is 24 meV. The ARPES shows higher spectral intensity at the
Fermi level at the position of the electron pockets. Indeed, it is these electron pockets that
give rise to most of the warped square contour at the Fermi surface, well visible in the
photoemission. The γ and δ bands behave as quasi-1 dimensional electron pockets with
small carrier density and linear dispersion.
In order to visualize this better in the ARPES spectrum we zoom around the gapped
Dirac state. We look at the dispersion of the state by taking three diﬀerent cuts parallel to
the Γ̄X̄ direction. ARPES and curvature plots are shown in Fig. 6.5(a-f). The dispersion
cuts are taken along the red lines “1”, “ 2”, “3” of Fig. 6.5(g) following the dispersion of
the state towards the S̄ point. Cut 1 is taken on the Γ̄X̄ line while the parallel cuts 2 and
3 are taken at ky = 0.15 and 0.25 Å−1 respectively. The intensity of the electron pocket
at the Fermi level in Cut 1, indicated by a red arrow, is faint leading to a smeared feature
in the curvature plot. The state is better visualized in cut 2 (panels(c,d)). Here we ﬁnd
clearer spectroscopic signature of the state dispersion, also zoomed in panel (h). The state
is broader at the Fermi level and becomes narrower at higher binding energies, indicating
an electron-like dispersion. Above 0.3 eV of binding energy the state disperses outward
again merging in the valence bands. Such an image is similar to what expected from the
calculated band structure along Γ̄X̄ (Fig. 6.4(c)). Similarly the state is still well-deﬁned
along the cut 3. The material has to be considered a semimetal because of the small energy
gaps between the α/β and γ and δ bands.
Following the squared contour we reach the S̄ point. The electron-like nature of the
Fermi surface is best visible by considering a cut in the dispersion through the S̄ (S̄  ) point,
where γ and δ binding energy is expected to be the highest. Indeed the ARPES spectrum
at S̄  in Fig. 6.5(j,k), taken along the cut 4, shows a deep electron pocket dispersing above
0.2 eV of binding energy, while α and β are almost horizontal and do not contribute to
the Dirac like dispersion in this point of the Brillouin zone. The comparison between the
experimental data in the curvature plot and the calculations gives a good agreement. The
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cuts (1,2,3) in the kx -ky plane as shown in panel (g). Cut 1 is taken along the Γ̄X̄ direction and cut 2
and 3 are taken parallel to Γ̄X̄ at ky = 0.15 Å−1 and 0.25 Å−1 , respectively. Red arrows point to the
feature derived from the shallow electron pockets. (h) Zoom in of panel (d) in the region marked by the
dashed rectangle. The white dashed lines are a guide for the eye representing the dispersion of the gapped
Dirac-like state. (j) Dispersion along the Ȳ -S̄  -X̄ direction as shown in cut 4 in (g). (k) Curvature plot
of (j). The calculated low energy band structure is represented by coloured dashed lines. A clear electron
pocket is found at the S̄  point.

small Fermi surface is given by the purple band barely touching the Fermi level. From
the experimental results it is impossible to say if this contributes to the Fermi surface.
At last we consider the dispersion along the second mirror line, Γ̄Ȳ . A cut is taken
along the line in Fig. 6.6(a). The low energy spectrum obtained by ARPES is shown in
Fig. 6.6(b,c) before and after curvature, and compared to the calculated dispersion. In this
direction the Dirac feature disappears. In the calculated band structure the conduction
bands γ and δ do not reach the Fermi level. Moreover the bands α and β do not show the
linear dispersion peak at k ≈ ±0.4 Å−1 . Instead α and β create two shallow hole pockets
just oﬀ normal emission. These pockets are the oval contours in the Fermi surface plot.
With a close-up look at the curvature plot around the Fermi level we ﬁnd the dispersion of
α and β is well reproduced by the calculations around Γ̄ where as mall dip in the dispersion
is found. Here the higher band, β, is at a saddle point: the dip puts it in a local minimum
along Γ̄Ȳ but it was found to be at maximum in the perpendicular direction Γ̄X̄, possibly
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Figure 6.6: (a) Fermi surface obtained by ARPES. The red dashed line shows the cut along the Γ̄Ȳ
direction plane whose dispersion is shown in (b). (b) Dispersion along Γ̄Ȳ as obtained by ARPES. (c)
Curvative plot of the photoemission intensity of (b). The calculated band structure is represented by grey
lines. The coloured lines are the ﬁve bands α-. Four massive hole pockets are found at the Fermi level (red
and blue lines).

leading to a van Hove singularity. The electron pockets are pushed up above the Fermi
level and are not visible in ARPES.

6.4

Features and properties of the electronic structure

We discuss now what are the possible implications of the examined band structure for the
physical properties of LaSb2 . We note, in primo, the strong one dimensionality of the
portion of the Fermi surface derived from the bands γ and δ. The creation of two parallel
edges gives rise to very strong nesting vectors at the Fermi surface. While this is not a
condition suﬃcient for the creation of CDW, it is believed that it is vital to the existence
of the CDW. With our measurement at 80 K we cannot, and did not, ﬁnd signatures of
CDWs in this material. Measurements at lower temperature for higher crystal quality are
desired. We can only stress the presence of a remarkably nested surface. We ﬁnd that
LaSb2 is a semimetal with very shallow pockets. All pockets at the Fermi level come in
pairs, α/ β and γ/ δ, with very similar dispersion at low energies. It is impossible to
disentangle the two contributions from the ARPES results because the distance between
the bands is much smaller, from the calculation, than the resolution. We ﬁnd four hole
pockets with approximate eﬀective mass along Γ̄Ȳ m =0.4 me (extracted from calculated
band structure). The electron pockets are barely touching the Fermi level. The presence of
both carrier types conﬁrms the results of the Hall measurement behaviour at low magnetic
ﬁeld presented in Ref. [160]. At high ﬁeld the Hall measurement show strongly predominant
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hole behaviour. This can be induced by the change of the Fermi surface under magnetic
ﬁeld, one option being the discussed magnetic ﬁeld induced CDW [7].
CDW is one of the possibilities expressed for the linear quantum magnetoresistance,
an other discussed option is the quantum linear magnetoresistance. This was theorized
by Abrikosov and details are found in his review in Ref. [44]. As a general rule, to push
the electronic properties in a magnetic ﬁeld to the quantum limit, the individual quantum
levels associated to the electron orbits must be distinct and the condition ωc >> kB T ,
where ωc = qB/m is the cyclotron frequency, must hold. It is straight forward to see
that for this condition to be fulﬁlled at low magnetic ﬁeld the eﬀective mass of the carriers
must go to zero. The electrons behave as massless particle when they are Dirac particles.
The advantageous conditions for the quantum magnetoresistance to happen are very small
carrier density and a transition to a massless linear dispersion. This was experimented in
the case of InSb and silver chalcogenides where a transition from small direct band gap
with low carrier density to Dirac-like semimetal occurs [170, 171]. We can notice that the
band structure of LaSb2 is characterized by the right ingredients: low density pockets with
linear dispersion in the closeness of a possible transition to a Dirac state. On the other
hand we have seen that LaSb2 also presents massive hole pockets (α and β) which cannot
be reconciled to the quantum limit conditions. A possibility, ventured by Abrikosov, is
that carriers from portions of the Fermi surface carry the quantum conductivity while the
remaining part carry ordinary conductivity. The two contribution sum up. The linear
MR can be achieved when the quantum contribution to the conductivity is higher than
the classic one. This is possible for samples with a high concentration of defects. The
scattering process allow the electrons to hop at diﬀerent quantized orbits allowing the
quantum conductivity in magnetic ﬁelds. On the light of our results we cannot conﬁrm the
mechanism of the magnetoresistance but our ﬁndings in the electronic structure seem to
point towards the assumption that quantum linear magnetoresistance might be the key.
At last we decide to compare the electronic structure of LaSb2 with a similar material to
have a better insight on the relation between chemical/crystal structure, electronic structure
and physical properties. For this purpose we perform ARPES on NdSb2 single crystals.
NdSb2 has the same crystal structure of LaSb2 and it also shows linear non-saturating MR.
In contrast to LaSb2 , NdSb2 presents several diﬀerent magnetic phases at low temperature
[7]. The preparation of the sample surface is similar to the case of LaSb2 .
Fig. 6.7 shows the salient features of the photoemission spectrum. The Fermi surface
of NdSb2 is very similar to the case of LaSb2 . A warped square contour on the outside and
two rounded contours in the Γ̄Ȳ direction. It is instructive to examine the dispersion cut
along Γ̄X̄ (Fig. 6.7(b)). In LaSb2 the electron pockets giving rise to the squared contour
are barely touching the Fermi level and, due to the low resolution, their identiﬁcation is
a hard task. For NdSb2 we ﬁnd these same pockets at ± 0.37 Å−1 . The electron pockets
are clearly distinguishable down to few tens of meV below the Fermi level (zoomed images
in panel (c)). On the other side the sharp upward dispersion of the valence band at ±
0.37 Å−1 reveals the linear behaviour and the direct gap. Spectral intensity in the gap is
due to the spectral broadening of the feature. The presence of the gap is better visible by
looking at the two dimensional curvature. The magnitude of the gap is 0.28(5) eV.
In conclusion, we investigated the electronic structure of LaSb2 with ARPES and ab
initio calculations. A good match between experiment and theory was found. The electronic structure at the Fermi level is characterized by strong 2 dimensionality and most
of the Fermi surface has open orbits in the k⊥ direction. Four massive hole pockets are
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Figure 6.7: (a) Fermi surface of NdSb2 obtained by ARPES using photon energy hν = 25 eV. The surface
Brillouin zone is sketched on top. (b) Dispersion cut along the Γ̄X̄ direction using photon energy hν =
56 eV. On the left: ARPES intensity plot. On the right: Curvature plot. (c) Zoom in of the dispersion
around the gapped Dirac-like state at Γ̄X̄. On the left: ARPES intensity plot. On the right: Curvature
plot. A small gap of 0.28(5) eV is found.

present together with almost linearly dispersing low carrier density states. Here a small
direct gap between valence and conduction pockets is found just at the Fermi level and the
bands assume a linear dispersion. We speculate that this could give rise to quantum linear magnetoresistance. Similar electronic structure is found in the homologous compound
NdSb2 , where a clear presence of gapped Dirac states is also found.

Chapter 7

Conclusive Remarks
The electronic structure of topological insulators and rare-earth diantimonides has been
investigated using ARPES as principal tool. The absorption of adatoms on the surface
of bismuth chalcogenides topological insulators proved to fruitfully modify the low energy
electronic structure maintaining the topological insulator features, with interesting implication for TI-based devices. The rare-earth antimonides revealed an unusual electronic
structure with Dirac-like states and interesting physical properties, in the hope that these
materials will receive more attention in the future. Let summarize the main achievements
in the following:
Bi2 Te3 bulk band structure: the bulk band structure of TI Bi2 Te3 has been investigated
by ARPES and DFT calculations in the framework of LDA and GW . The comparison
revealed a better overall agreement with GW revealing the important role of manybody eﬀects. An indirect band gap was found.
Surface modiﬁcation of Topological insulators: TIs surfaces have been modiﬁed by
atoms adsorption. First rubidium was adsorbed on Bi2 Te2 Se and Bi2 Te3 . The ndoping eﬀect of the Rb induced a 2DEG on the surface with strong spin-orbit splitting.
It was revealed that such a 2DEG is strongly anisotropic, not only in its shape but
also in the splitting. The bands were modelled with a modiﬁed Rashba Hamiltonian
that included the eﬀect of anisotropic band dispersion. This 2DEG goes beyond the
conventional concept of Rashba splitting and opens the way to new anisotropic spin
transport phenomena. Bi2 Te2 Se was doped on the surface with Ni and Fe as well to
investigate potential magnetic properties. Strikingly XMCD results showed that Fe
on Bi2 Te2 Se has a out of plane easy direction of magnetization while Ni has quenched
magnetic moment. ARPES revealed a n-doping eﬀect of the transition metals on the
electronic structure of Bi2 Te2 Se, with no indication of magnetic-related features.
Bi/Bi2 Se3 : Bi bilayer, a 2D TI, has been grown on the 3D TI Bi2 Se3 . The electronic
structure at the interfaces has been investigated by ARPES and FT-STS. For the
interpretation of the latter a semi-theoretical method was employed using DFT slab
calculation to create a three-dimensional simulated spectral function. This has then
been used to perform JDOS simulations to be compared with the FT-STS QPI patterns. The interface band structure reveals a charge transfer between the bilayer and
the Bi2 Se3 and a strong hybridization with the substrate. A new Dirac-like feature
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is found at the interface. Analysis of the scattering channels demonstrated that the
novel Dirac cone is susceptible to interband scattering.

Electronic structure of LaSb2 and NdSb2 : The electronic structure of LaSb2 is here
reported for the ﬁrst time. The Fermi surface is composed by very shallow electron
pockets and four higher eﬀective mass hole pockets. The electron pockets create a
direct band gap with linear dispersing valence states, as seen also for NdSb2 , and
are found to be fairly one-dimensional in character. The interesting linear -non saturating magnetoresistance found for these materials might be explained by the linear
dispersion of the electron pockets.
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