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ZUSAMMENFASSUNG

Spin- und winkelaufgeloste Photoelektronenspektroskopie bietet einen Einblick in
die elektronische Struktur spinpolarisierter Zustiande an Festkorperoberflachen. In-
wieweit eine Messung der Spinpolarisation emittierter Photoelektronen den tatsach-
lichen intrinsischen Spincharakter eines elektronischen Zustandes wiedergibt, ist die
zentrale Fragestellung der vorliegenden Arbeit. Dabei zeigt sich, dass die gemessene
Spinpolarisation stark von den experimentellen Gegebenheiten wie etwa der Pola-
risation des einfallenden Lichtes oder der Photonenenergie abhéingt und der Photo-
emissionsprozess eine somit nicht zu vernachlissigende Rolle fiir das Messergebnis
spielt. Das Ziel dieser Arbeit ist es, den Zusammenhang zwischen dem Ergebnis einer
spinsensitiven Messung und dem Spincharakter des Grundzustandes zu entschliisseln
und dabei ein tieferes Verstindnis der Spinpolarisation im Photoemissionsprozess zu
gewinnen.

Als Modellsysteme dienen dabei Materialien, die aufgrund einer starken Spin-
Bahn-Kopplung spinaufgespaltene Zustidnde aufweisen. Daher wird zum einen der
Spin-und Orbitalcharakter der elektronischen Struktur von Modellsystemen mit
Rashba-artigen Oberflichenzustidnden untersucht, wie sie etwa BiTeI(0001) oder die
Oberflachenlegierungen BiAgs/Ag(111) und PbAgo/Ag(111) aufweisen. Zum anderen
wird die Oberflichenbandstruktur der topologischen Isolatoren BisTesSe(0001) und
BisTe3(0001) genauer analysiert.

Mithilfe der winkelaufgel6sten Photoelektronenspektroskopie mit unterschiedlicher
Lichtpolarisation wird die orbitale Struktur der untersuchten elektronischen Zustéande
entschliisselt. Im folgenden Schritt wird das Wissen um den orbitalen Charakter der
Wellenfunktion genutzt, um durch zuséatzliche Detektion des Photoelektronenspins
einen Einblick in die gekoppelte Spin- und Orbitalstruktur zu gewinnen. Hierbei
zeigt sich, dass sowohl der topologische Oberflachenzustand von BigTeoSe(0001) als
auch der Rashba-artige Oberflachenzustand von BiTel(0001) chirale Spinstrukturen
aufweist, die an die in der Oberflichenebene orientierten p-artigen Orbitale gekoppelt
sind. Fur Orbitale, die tangential an den Oberflachenzustand angeordnet sind, und
solche, die radial angeordnet sind, findet sich dabei eine entgegengesetzte Chiralitét.
Die Resultate dieser Arbeit dienen somit als Nachweis, dass die Kopplung zwischen
Spin und Orbital unter dem Einfluss starker Spin-Bahn-Kopplung bei topologischen



wie nicht-topologischen Zustédnden in dhnlicher Form auftritt.

Systematische photonenenergieabhiéingige Messungen der Spinpolarisation paral-
lel zur Oberfliachennormalen im topologischen Oberflichenzustand von BigTe3(0001)
weisen eine starke Photonenenergieabhingigkeit und sogar Vorzeichenwechsel in der
Photoelektronenspinpolarisation auf. In dhnlicher Weise zeigt auch die am Rashba-
artigen Zustand von BiAgs/Ag(111) gemessene Spinpolarisation starke Anderun-
gen bis hin zu einer Umkehr der Spinpolarisation mit der Photonenenergie. In
BiAgy/Ag(111) gehen die Verdnderungen der gemessenen Spinpolarisation mit deut-
lichen Modulationen der Photoemissionsintensitit einher. Dies impliziert einen mo-
glichen Zusammenhang zwischen den Verianderungen des Photoelektronenspins und
dem Wirkungsquerschnitt des Photoemissionsprozesses.

Ein solcher Zusammenhang wird zuletzt im Rahmen eines einfachen Modells
genauer untersucht. Dieses basiert auf den Ubergangsmatrixelementen, die die
vorgestellten Photoemissionsexperimente beschreiben, und ermoglicht es, die beobach-
teten Veranderungen des Photoelektronenspins auf die Kopplung des Spins an die
Realraumwellenfunktion des Ausgangszustands zuriickzufithren. Das Modell wird
durch ab initio-Photoemissionsrechnungen unterstiitzt, die eine hohe Ubereinstim-
mung mit den gemessenen Daten aufweisen.
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ABSTRACT

Spin- and angle-resolved photoelectron spectroscopy is the prime method to investigate
spin polarized electronic states at solid state surfaces. In how far the spin polarization
of an emitted photoelectron reflects the intrinsic spin character of an electronic state is
the main question in the work at hand. It turns out that the measured spin polarization
is strongly influenced by experimental conditions, namely by the polarization of the
incoming radiation and the excitation energy. The photoemission process thus plays a
non-negligible role in a spin-sensitive measurement. This work is dedicated to unravel
the relation between the result of a spin-resolved measurement and the spin character
in the ground state and, therefore, to gain a deep understanding of the spin-dependent
photoemission process.

Materials that exhibit significant spin-splittings in their electronic structure,
owing to a strong spin-orbit coupling, serve as model systems for the investigations in
this work. Therefore, systems with large Rashba-type spin-splittings as BiTeI(0001)
and the surface alloys BiAgs/Ag(111) and PbAgs/Ag(111) are investigated. Likewise,
the surface electronic structure of the topological insulators BisTesSe(0001) and
BiyTe3(0001) are analyzed.

Light polarization dependent photoemission experiments serve as a probe of the
orbital composition of electronic states. The knowledge of the orbital structure helps
to disentangle the spin-orbital texture inherent to the different surface states, when
in addition the spin-polarization is probed. It turns out that the topological surface
state of BigTeoSe(0001) as well as the Rashba-type surface state of BiTeI(0001) exhibit
chiral spin-textures associated with the p-like in-plane orbitals. In particular, oppo-
site chiralities are coupled to either tangentially or radially aligned p-like orbitals,
respectively. The results presented here are thus evidence that a coupling between
spin- and orbital part of the wave function occurs under the influence of spin-orbit
coupling, independent of the materials topology.

Systematic photon energy dependent measurements of the out-of-plane spin polar-
ization of the topological surface state of BioTe3(0001) reveal a strong dependence and
even a reversal of the sign of the photoelectron spin polarization with photon energy.
Similarly, the measured spin component perpendicular to the wave vector of the sur-
face state of BiAgo/Ag(111) shows strong modulations and sign reversals when the
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photon energy is changed. In BiAgy/Ag(111) the variations in the photoelectron spin
polarization are accompanied by significant changes and even a complete suppression
of the photoemission intensity from the surface state, indicating that the variations of
the spin polarization are strongly related to the photoemission cross section.

This relation is finally analyzed in detail by employing a simple model, which is
based on an evaluation of the transition matrix elements that describe the presented
experiments. The model shows that the underlying cause for the observed photoelec-
tron spin reversals can be found in the coupling of the spin structure to the spatial part
of the initial state wave function, revealing the crucial role of spin-orbit interaction
in the initial state wave function. The model is supported by ab initio photoemission
calculations, which show strong agreement with the experimental results.
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CHAPTER

INTRODUCTION

The spin polarization of electronic states is attracting a lot of fascination in current
solid state research, owing to its key role in spin-based device concepts like spin
transistors [1] or spin-filtering devices [2]. The potential of spintronics to open a new
era in the field of electronic applications triggers an increasing effort to achieve a deep
understanding of the intrinsic spin properties that arise in electronic states under the
influence of spin-orbit coupling [3—6].

Topological states that emerge at the surface of topological insulators as a result of
the non-trivial inversion of the bulk valence and conduction band manifest helical spin-
textures characterized by a locking between spin and momentum. They have become of
particular interest, especially due to their robustness against scattering [7—10]. While
this is the most prominent example, there is a multitude of other intriguing cases
of materials with interesting spin properties induced by strong spin-orbit coupling.
Other topological materials as topological crystalline insulators, which exhibit multiple
Dirac cones with a complex orbital texture in their electronic structure [11-13], Weyl
semimetals, which realize a gapless topological phase [14, 15] or topological Kondo
insulators, characterized by their inherent interplay between a non-trivial topology
and strong electronic correlations [16, 17] are attracting more and more attention. But
also polar semiconductors as well as ferroelectric semiconductors [18, 19] with large
spin splittings in their electronic structure show high potential for exploitation of their
intrinsic spin structure, which can potentially be tuned by an extrinsic electric field
[18, 19]. Other examples, where the spin-texture is frequently debated, are transition
metal dichalcogenides [20—22] as well as transition metal oxides [23, 24].

The large variety of materials that exhibit spin polarized electronic states, owing to
the influence of spin-orbit coupling, demonstrates the need for a spectroscopic method
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CHAPTER 1. INTRODUCTION

that allows a spin-selective probe of band structures in solids. A well-established
approach is spin- and angle-resolved photoelectron spectroscopy, which allows to
measure the spin of photoelectrons emitted from a solid. A long succession of photo-
emission experiments as well as theoretical models shows that the photocurrent is
spin polarized for photoemission from magnetic materials [25—-27], as well as materials
with an intrinsic spin polarization governed by spin-orbit coupling [28—31], but also
for photoelectrons from unpolarized or degenerate ground states [32—34]. The actual
spin polarization measured in these experiments in many cases depends a lot on the
symmetries which are present [29, 31, 35]. Despite these observations, the measured
photoelectron spin from spin polarized ground states is often directly attributed to
the initial state wave function. The influence of the photoemission process in such
an interpretation is completely neglected. The question remains, however, whether
the relation between the measured photoelectron spin and the spin properties of the
initial state is in fact that simple. What role does for instance spin-orbit interaction
in the initial state play for a spin-resolved experiment? Can the influence of the final
state be neglected when considering the spin polarization and what role do in general
the photoemission cross section and experimental geometry play?

To disentangle the spin properties of the initial state from effects that arise due
to the photoemission process, a systematic investigation of the role of symmetries
in the experiment as well as the photoemission final state for the measured spin
polarization is essential. For such fundamental investigations, it is sensible to start
out with model materials that are characterized by strong spin-orbit coupling and,
therefore, show a spin polarized electronic structure, where the separation in energy
and momentum between states of different spin character is large enough to be easily
accessible by spin- and angle-resolved photoelectron spectroscopy. Besides, whereas
many experimental or theoretical works focus on either topological or non-topological
states, a direct comparison can yield insight into the role of spin-orbit coupling as
well as the non-trivial topology with regard to spin polarization effects. Therefore, the
experiments which will be presented in this work, are based on a variety of model
materials, covering topological as well as non-topological states: thin films with a
simple two-dimensional structure like for example the surface alloy BiAgo/Ag(111),
as well as layered van-der-Waals crystals as the topological insulator BisTe3(0001) or
the giant-Rashba semiconductor BiTel are investigated to gather an overall picture of
spin polarization effects from materials with different structure and topology.

This work is dedicated to deepen the understanding of the spin properties in
strongly spin-orbit coupled systems using spin- and angle-resolved photoelectron spec-
troscopy. In particular, a systematic and detailed examination of the relation between
the measured photoelectron spin polarization and the intrinsic spin structure inherent
to an electronic state is performed. Gaining insight into the role of the experimental

2



conditions for the measured spin polarization is a prerequisite in the careful design of
an experiment that is fitting for a specific material and scientific question.

The results which will be presented in this work are based on spin-resolved as well
as spin-integrated photoelectron spectroscopy on topological insulators and materials
with Rashba-type spin splittings in their electronic structure. The principal theoretical
concepts which are the basis for understanding the electronic structure as well as
the spin properties in these materials — namely spin-orbit coupling, which is a main
ingredient for the Rashba-Bychkov effect and the emergence of topological states — are
shortly described in chapter 2. In chapter 3 the methodical approach by photoelectron
spectroscopy as well as the experimental setups are introduced. Chapter 2 and 3,
therefore, summarize the theoretical as well as methodical foundation for the analysis
in the subsequent chapters.

A short overview over the model materials which were examined in this work
is presented in chapter 4. In particular their crystal as well as electronic structure
is briefly introduced and their specific benefits regarding the scientific questions
addressed in this work are summarized.

Chapter 5 and 6 are focused on the detailed description and discussion of the
experimental results. Thereby, the first part, namely chapter 5.1, is concerned with
the orbital character of the electronic states. In the following, the question of how the
spin-orbit interaction manifests itself in the spin character of different orbital parts
of the wave function is addressed in chapter 5.2. Some of the content presented in
chapter 4 and 5 of this work was already published [36, 37].

Chapter 6 summarizes the influence of the photon energy on the measured pho-
toelectron spin polarization of the topological surface state in a layered topological
insulator (chapter 6.1) as well as two-dimensional states in surface alloys (chapter
6.2). The results are utilized to develop a model description of the relation between
the photoelectron spin polarization and the intrinsic spin of an electronic state. In
chapters 5 and 6 a particular focus is dedicated to the role of spin-orbit coupling in the
ground state as well as topology and crystal structure of the material for the outcome
and correct interpretation of a spin-resolved photoemission experiment. Finally, the
work will finish with a conclusive discussion and outlook in chapter 7.






CHAPTER

SPIN POLARIZED ELECTRONIC STATES IN SOLIDS

2.1 Spin-Orbit Coupling

Spin-orbit coupling (SOC) is the driving force for the emergence of spin polarized
electronic states in solids. It describes the interaction between the spin and orbital
momentum of an electron and leads to many interesting phenomena in the electronic
structure of solid states. At the surface of a crystalline solid, for example, the breaking
of inversion symmetry together with spin-orbit coupling leads to the energy splitting
of two-dimensional electron gases, called Rashba-Bychkov effect [38, 39]. The Rashba-
Bychkov effect will be described in section 2.3. In topological insulators spin-orbit
coupling is responsible for the inversion of the band order, which mediates the exis-
tence of helical Dirac fermions in the energy gap [9], as summarized in section 2.4.
The following pages give a short overview of spin-orbit coupling and its relevance for
the spin structure associated with electronic states.

In the framework of a non-relativistic approximation of the Dirac equation, spin-
orbit coupling can be described by the Hamiltonian Hgpoc for an electron in the
electrostatic potential V of the nucleus [40]:

h
2.1 Hsoc = —=——a-(VV xp),
(2.1) S0C= 153 ( p)

e

The Pauli matrix vector o = (0,0,,0) is the spin operator, p the momentum operator,
m, stands for the free electron mass, i = % is the reduced Planck constant, and
c is the speed of light. The potential gradient VV is highest close to the nucleus
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CHAPTER 2. SPIN POLARIZED ELECTRONIC STATES IN SOLIDS

and depends on the atomic number Z. The atomic spin-orbit coupling is, therefore,
especially pronounced in high Z elements as for example Bi or Pb.

The coupling between the spin S = gcr and the orbital momentum L =r x p, is
implicitly included in the spin-orbit Hamiltonian Hgpc. This becomes easily visible,

when a spherically symmetric potential VV = f‘fi—‘r/ is assumed, yielding [41]:

1 1dV()

2.2 H = -
(2.2) soc omZ2r dr

L-S.

Due to the coupling (L-S) of spin S and orbital momentum L, the two momenta
S and L, separately, are no good quantum numbers anymore and [S,L] # 0. The
total momentum o, on the other hand, fulfills the commutation relation [H,J] =0
and its eigenvalues are also eigenvalues of the Hamiltonian H which describes the
system. J has two possible values, J = L + S, depending on whether the magnetic
moments associated with the spin and the orbit of the electron are aligned parallel or
antiparallel. As a result, two states emerge, which are split in energy. The spin-orbit
splitting can be observed in the energy levels of atoms or molecules as well as in core
levels of solids. It is for example large for core levels of heavy elements, where it can
reach values up to over 100 eV [42].

Spin-orbit coupling leads to additional effects in the band structure of solids. Before
describing different mechanisms that lead to a spin-splitting in the presence of spin-
orbit coupling, a simple model of the electronic structure in crystalline solids will be
revised.

2.2 Electronic states in solids

In an ideal infinite periodic crystal the wave function W (r) can be described in a
simple picture via the Bloch theorem [43, 44]. Within the Bloch description, the
periodicity of the crystal is expressed by a weak periodic potential V(r) =V (r+ R),
where R is the crystal lattice vector, and the electrons are considered as nearly free
electrons. Without spin-orbit coupling the solutions of the Schrodinger equation yield
[44]:

(2.3) Wi(r) = e* up(r).

The function up(r) adopts the periodicity of the lattice, therefore, ur(r) = up(r+R). In
an ideal infinite crystal the momentum k must be real [45] and the energy eigenvalues
E that correspond to the wave function describe dispersing bands e(k). All possible
bands in their entirety yield the electronic structure of the crystal.

For the electronic structure the symmetries of the system are crucial. An infi-
nite crystalline solid can be time inversion symmetric as well as spatial inversion
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2.2. ELECTRONIC STATES IN SOLIDS

symmetric:

©2.4) time inversion symmetry: E(k,1)=E(-k,|)
' spatial inversion symmetry: E(k,1)=E(-k,1),

where the electron spin is expressed as (1, |). If both symmetries are present, the
existence of a solution E(k,1) with an energy E at the wave vector k and with a
spin (1) requires the existence of a second state E(k, |) at the same energy but with
opposite spin since E(k,1)=E(-k,|) = E(—k,1). Therefore, the electronic bands are
at least twofold degenerate. If one of the symmetries is broken, however, the spin
degeneracy — also termed Kramers degeneracy — can be lifted by spin-orbit coupling
and spin polarized electronic states can exist.

A breaking of inversion symmetry occurs for instance, if the crystal is semi-infinite
and the periodicity of the potential is perturbed along the direction e, perpendicular to
the boundary between crystal and vacuum. In a simple approximation, a step function
can be assumed to account for the potential change at the transition between the
crystal, where V =0, and the vacuum level V... The resulting wave functions decrease
exponentially into the vacuum. As a consequence, the wave vector 2, perpendicular
to the boundary, which is real in the infinite case, can now adopt complex values,
in which case the wave function decays exponentially not only into the vacuum but
also into the bulk of the crystal [45]. In such a case the wave function describes
surface or boundary states, since the electrons are strongly confined in the direction e,
perpendicular to the boundary between crystal and vacuum, whereas they can move
freely within the boundary plane. The energy eigenvalues of surface states are located
in the energy gap of the bulk band structure. In the presence of spin-orbit coupling
they can obtain different values depending on the spin character, owing to the broken
inversion symmetry at the surface.

To correctly describe spin polarized states, the wave function must be written as
a linear combination of Bloch wave functions vy (r) coupled to opposite spinors with
spin-up y; or spin-down y | [46]:

(2.5) Vr(r) = wra(r) -yt +vr2()-x).

The quantization axis can in principle be chosen arbitrarily, ideally in a way that
simplifies the treatment of the particular spin configuration. The wave functions
YE,1(r) and yg, o(r), however, depend on the choice of the quantization axis [46]. If
a different quantization axis is chosen, the new wave functions can be expressed in
terms of linear combinations of the original ones [46].
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CHAPTER 2. SPIN POLARIZED ELECTRONIC STATES IN SOLIDS

2.3 The Rashba effect

If a free electron gas is influenced by an electric field, which confines the propagation
of the electron along one direction, a two-dimensional electron gas (2DEG) emerges. In
this case, the spin-orbit coupling Hamiltonian is reduced to the Rashba-Hamiltonian
Hp, which is given by [39, 47]:

(2.6) Hp =agro-(e, xk).

The electric field is for instance induced by the potential barrier V(z) at the sur-
face of a material. The resulting k|-dependent energy splitting of a two-dimensional
electron gas was first described by Rashba and Bychkov [39] and is termed Rashba-
Bychkov effect. If inversion symmetry is broken in the bulk of the material, a similar
effect occurs, called Dresselhaus effect [48] or bulk-Rashba effect. The Rashba parame-
ter ag, which is a constant in case of an ideal 2DEG, is proportional to the expectation
value of the potential gradient ag ox (¥V|VV(2)|¥), where V¥ is the Bloch wave function
of an electron moving freely along the x — y-plane [49]. The Rashba-Hamiltonian re-
sults in the splitting of the characteristic parabolic band of a 2DEG into two branches
E" and E:

h2E?
2.7) E*(k)=Eg+—°_ +|agllkl.
2m*

The size of the splitting scales with the Rashba parameter ag and is proportional to
the wave vector |E|||. The effective mass of the Rashba-split electronic state is given by
m*.

The spin polarization P of a Rashba-split 2DEG can be calculated from the expec-
tation values P* = (¥*|o|¥*) of the Pauli matrices o with the eigenfunctions W* of

the Rashba Hamiltonian Hg. The resulting spin polarization is:

2.8) Po(ky) = £—2(<hy, ki, 0)/ IRy .
lag]

The spin in the Rashba model for an ideal 2DEG is, therefore, aligned perpendicular
to the wave vector k| as well as the surface normal e,. The spin direction is defined
by the sign of the Rashba parameter ap.

The Rashba-splitting of a two-dimensional electron gas is schematically depicted
in Fig. 2.1 (a). The upper panel shows the band structure in the kj-plane at the Fermi
energy Er, while the lower panel illustrates the dispersion E(k)). The two branches
of the state are displayed in blue for the lower branch E~ and yellow for the upper
branch E*. An important parameter that quantifies the size of the splitting is the
momentum offset 2o = agm*/h%. The branches E* and E~ are separated by a value of
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2.3. THE RASHBA EFFECT

(a) ky y Rashba-split surface state (b) ky A Topological surface state
\x _.‘//
re kx > kx
E 1 E 4
E. E. f::::i:::«;_
_ F/ >kx

FIGURE 2.1. Schematic of spin polarized surface states (a) shows the

2k, which does not depend on k| in the Rashba model for an ideal 2DEG. The spin
polarization as described in the Rashba-Bychkov model is depicted in the upper panel,

dispersion of a two-dimensional electron gas, which is split into an up-
per (+) branch (yellow) and a lower (—) branch (blue) by the Rashba-effect.
The two branches are termed E* and E~, respectively. The size of the
splitting can be defined by the momentum offset £y. In the upper panel
the Fermi surface of the state is displayed. The spin polarization as de-
duced from the Rashba-Bychkov model is indicated by arrows and has
opposite chirality for the upper and lower branch E* and E~. (b) shows a
schematical illustration of a topological surface state with a linear disper-
sion. The lower panel shows the dispersion E(k). Correspondingly to the
Rashba case, the state can be described by an upper and lower branch
E™* and E~, which exhibit opposite spin chirality in the model description.
The chiral spin structure of the surface state is displayed in the upper
panel by arrows. Both types of surface states exhibit Kramers degenerate
points at the high symmetry point I', indicated by red arrows.

which shows the opposite spin chirality of the two branches.

The concept of energy splittings of electronic bands that emerge in inversion asym-
metric environments under the influence of spin-orbit coupling was first introduced
by Dresselhaus [48] and Rashba [38]. In 1984, Bychkov and Rashba developed their
simple model of the effect for two-dimensional electron gases in semiconductor het-
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CHAPTER 2. SPIN POLARIZED ELECTRONIC STATES IN SOLIDS

erostructures [39]. The first experimental observation of a Rashba-type spin-splitting
was reported for the surface state of Au(111) [50] in an angle-resolved photoelectron
spectroscopy study, quickly followed by several subsequent studies of the effect [28,
51-53]. Spin-splittings governed by spin-orbit coupling were soon found in other heavy
elements as for example in the surface electronic structure of Bi(111), Bi(110), Bi(100)
[64-56], Sb(111) [57], Ir(111) [568] and Cu(111) [59]. The spin-splitting is strongly
enhanced in surface alloys that form on nobel metal surfaces by incorporation of the
heavy elements Bi or Pb. Large splittings were for instance observed in the surface
electronic structure of Pb/Ag(111), Bi/Ag(111) and Bi/Cu(111) [60—63]. In the bulk
and surface electronic structure of polar semiconductors, which exhibit an inversion
asymmetric crystal structure, namely BiTel, BiTeCl and BiTeBr, giant Rashba-type
splittings appear [64—68].

2.4 'Topological Insulators

Topological order allows to classify different states of matter by specific topological
properties which are robust under smooth changes of material parameters. A topo-
logical phase transition requires a change of the topological property which can for
instance be the number of gapless boundary states in the band structure of a material,
the quantized Hall conductance in a Hall insulator, or in a more general example the
number of holes in a geometrical object [9]. For example, a trivial insulator or semi-
conductor exhibits a bulk band gap and its Hamiltonian can be smoothly transformed
into that of the vacuum without requiring a closing of the gap. Therefore, in terms of
topological order, a trivial insulator is in the same class as the vacuum.

There are, however, topologically non-trivial insulators, which likewise exhibit a
bulk band gap. Thereby, unlike a trivial insulator, the bulk bands neighboring the
energy gap are inverted, due to a sizable spin-orbit interaction [8]. This immediately
implies that in order to transform the topologically non-trivial bulk band structure
into that of a normal insulator, the band-gap must close [9].

Since the band gap vanishes during the topological phase transition, gapless edge
or surface states with an intrinsic spin polarization emerge at the interface between
a topological insulator and a topologically trivial one [7, 9]. The connection between
the topology of the bulk band structure and the existence of such topological surface
states is often termed bulk-boundary correspondence [69]. The topological surface
states exhibit interesting properties as a consequence of their non-trivial origin. They
obey time-reversal symmetry and the spin is locked perpendicular to the momentum
[30]. States of a particular spin character are thus limited to one propagation direction
[9], which immediately implies that backscattering is strongly suppressed since no
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2.4. TOPOLOGICAL INSULATORS

adequate states are available [9]. As a consequence, the topological states are robust
against perturbations which obey time reversal symmetry, a clear distinction from
surface states of a topologically trivial origin. Moreover, the wave function that de-
scribes the topological surface states is distinguishable from Rashba-type materials
by the number of eigenstates along one direction of the crystal momentum k| at a
given energy E, which is always odd for a topological state, whereas it is even in
case of Rashba-Bychkov materials [49]. In other words, the number of surface states
that cross the Fermi energy Er between two boundary Kramers degenerate points is
always odd in a topological insulator, whereas it is even for a Rashba-type state [9].

Topological insulators can be classified in terms of topological invariants v, so
called Zy invariants, which can be either even, when the material is topologically
trivial, or odd, otherwise. Therefore, only two possible values vo = 0,1 are needed
to distinguish between the material classes. In three-dimensional materials, four
topological invariants exist. Whereas the first one v( classifies a strong topological
insulator, the others v1 2 3 characterize a weak topological insulator [7].

There are different approaches to calculate the topological invariant v [7, 70-72].
In an inversion symmetric crystal it is convenient to consider time reversal invariant
momenta (TRIM) I';, where all electronic states are required to be Kramers degenerate
as an immediate consequence of time reversal symmetry [7]. Away from the TRIM,
spin-orbit coupling lifts the degeneracy and the topological states are spin polarized.
To quantify the topological invariant, the parity eigenvalues {2,,(I';) = =1 of the 2mth
occupied Bloch states at all TRIM I'; are multiplied [7]:

N
(2.9) 6i =[] éam(Ty).
m=1

The product involves the 2N occupied bands at the N TRIM. For a three-dimensional
system the Number of TRIM is eight, therefore N = 8. The invariant vy can then be
deduced from the product over all §; [7]:

N=8
(2.10) (-1 =[] é:.
i=1

An ideal topological surface state of a three-dimensional topological insulator
exhibits a characteristic cone-like dispersion, where the tips of the cone are located at
the twofold degenerate projections A; of the eight bulk TRIM to the surface Brillouin
zone. The linear topological surface states are often termed Dirac-cones and the
twofold degenerate crossing points are named Dirac points. A schematic illustration
of the helical surface states and their intrinsic spin texture is displayed in Fig. 2.1 (b).
The lower panel shows the linear cone-like dispersion E (k) of the state. The Kramers
degenerate Dirac point is marked by a red arrow. To compare the band structure of
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the topological surface state to the Rashba-type state shown in (a) it is convenient to
describe it by an upper and lower cone (E* and E~), which are indicated by yellow
and blue, respectively, and which in a simple model exhibit opposite spin directions.
The upper panel illustrates the intrinsic helical spin structure of the surface state at
the Fermi energy Er. Light red arrows mark the spin, which is in an ideal linear case
oriented in the %k, — k,-plane and rotates around the Fermi surface with S L k.

The first experimental verification of a topological state was reported 2007 for
CdTe/HgTe quantum wells, which realize a two-dimensional topological insulator
above a critical thickness of a HgTe layer between CdTe layers [73]. The s- and p-like
bands in the band structure of the layered CdTe/HgTe system exhibit the expected
band inversion as a result of strong spin-orbit coupling and the system was shown to
be topologically non-trivial [74]. The first realization of a three-dimensional topological
insulator was reported for Bi;_,Sb, [30, 75]. Here, with increasing percentage of Sb,
a topological phase transition occurs and topological surface states emerge. Other
prominent examples for three-dimensional topological insulators are the chalcogenides
BisTes, BisSes, as well as SboTes and related materials [8, 76].

2.5 Spin polarization in photoelectron

spectroscopy

The Rashba-Bychkov effect and topological insulators exhibit spin polarized electronic
states, which are induced by spin-orbit coupling. Their investigation in terms of the
spin character often relies on spin-sensitive photoemission experiments, which became
possible with the exploitation of Mott scattering [77] in the first Mott detector devel-
oped in 1943 [78]. Since these early experiments measurements of the photoelectron
spin, as well as their correct interpretation, still remain challenging. Spin detection
by Mott scattering is now a well established method [79-81] but also different mech-
anisms soon became feasible. A milestone in the development of spin detection was
doubtless the first successful record of spin-dependent scattering in a specular LEED
experiment [82] and its implementation in a spin-, angle- and energy-resolving pho-
toemission experiment [32]. A different approach utilizes spin-dependent scattering
processes on a magnetized scattering target [83].

Hand in hand with the emergence of spin polarization detection, theoretical and
experimental efforts were made to understand the origin of the spin polarization
of electrons emitted from solids or atoms by photoemission. Thereby, many of the
early experiments already revealed that symmetries, which are present in the pho-
toemission experiment given by the material itself or the experimental setup, are
of high relevance for the photoelectron spin polarization. A short summary of the
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developments in these early investigations of the photoelectron spin will be given in
the following.

One of the first predictions of spin polarized photoelectrons was given in 1969 by
U. Fano [84], who showed that when circular polarized light is used to photoionize
vaporized Cs atoms, the emitted photoelectrons are spin polarized. The reason can be
found in a splitting of the total momentum j into j =1 + s resulting in two unequal
p continuum states with j = 3/2 or 1/2, due to spin-orbit coupling in the Cs atoms.
Therefore, two possible transitions from the 6s ground state, which is not affected by
spin-orbit coupling, to the continuum states p12 and pg, with different photoemission
cross sections can occur. The superposition of the respective transition matrix elements
leads to a spin polarization of the photoemitted electrons. The spin polarization of
photoelectrons emitted from Cs atoms by circularly polarized light and the predicted
photon wavelength dependence of the Fano-effect were soon experimentally verified
[85, 86].

Many of the following early spin-resolved photoemission experiments were per-
formed with circularly polarized light in a maximal symmetric environment, where
the incidence of light was normal to the material and electrons emitted normal to the
surface of solid state materials [87, 88] or from atomic targets, for example atoms
absorbed on the surfaces of nobel metals [89, 90], were detected. It turned out that the
emission of spin polarized photoelectrons is not limited to magnetic materials [25], but
can in fact also be observed for non-magnetic targets [87]. In non-magnetic materials
the underlying mechanism can be traced back to dipole selection rules for circularly
polarized light, which allows only certain transitions depending on whether right or
left handed circular polarized light is used.

Circular polarized light with either left or right handed circularity can yield
different photoemission intensities due to optical selection rules and can thus give
information about the symmetry properties of the electronic bands of a material
without the use of a spin-resolving detector [91]. This circular dichroism in the angular
distribution of photoelectrons (CDAD) was — and still is — frequently used in order
to analyze the electronic states involved in a transition [92-95].

The experimental alignment was revealed to be a crucial factor for the observed
photoelectron spin polarization. An asymmetry can for example be introduced, when
photoelectrons emitted off-normal with respect to the sample surface are detected [96—
98] revealing an angular dependence of the spin polarization. But also the direction of
light incidence can induce changes of the photoelectron spin polarization. For light
incidence normal to the surface of Ag(100) for example, the measured spin polarization
was shown to be always parallel to the surface normal. For oblique light incidence,
however, deviations from the spin polarization alignment normal to the surface were
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observed [35].

Also linear or even unpolarized light was found to yield spin polarized photo-
electrons. For linear light incident normal to the surface of a solid state material,
this was first discussed for crystals of C3, symmetry [33]. It was predicted that the
photoelectrons excited by linearly polarized light can in principle be polarized along
the direction perpendicular to a mirror plane as a result of spin-orbit coupling in the
initial state [33]. The existence of a photoelectron spin polarization of electrons excited
by linearly polarized light was soon experimentally confirmed [99]. Similarly, spin
polarized photoelectrons ejected by unpolarized light were experimentally observed
on Xe atoms [100] in accordance to theoretical predictions [101, 102]. These results
represent only a few examples of the early advances in the investigation of the spin
polarization in photoemission which already reveal that photoelectrons are in many
cases spin polarized.

The measurement of the spin polarization of photoemitted electrons is now a well
established method, applied frequently to gain insight into the electronic structure of
different materials with respect to their spin properties. Especially in the investigation
of the Rashba-effect, where spin-orbit coupling leads to an intrinsic spin-polarization
but also in experimental studies of topological insulators spin-resolved photoemission
experiments play an important role.
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METHODOLOGY

3.1 Photoelectron Spectroscopy

A lot of current solid state research is aimed at unraveling the electronic configuration
in solid state materials — in particular with regard to the spin polarization. The
photoelectric effect, observed 1887 by Heinrich Hertz [103] and explained 1905 by
Albert Einstein [104], describes the photoexcitation of an electron from a bound state
in a solid. It is the basis of spin- and angle-resolved photoelectron spectroscopy, the
primary method to probe the electronic structure of a material. The energetics of the
photoemission process can be expressed as [105]:

(3.1) E}., =hv—|Epinql — Dg,

where E . is the kinetic energy of the electron, ~v is the energy of the incoming
light, ®g is the work function of the material, and |Ej;,4| is the binding energy of the
electron inside the solid relative to the Fermi energy Er. In practice, the sample is
electrically connected to the same potential as the analyzer so that their chemical
potential is equal. Therefore, it is not necessary to determine the work function ®g of
the material, merely the work function ®4 of the analyzer needs to be known and the
binding energy can be determined by:

(3.2) Erin=hv—I|Epinql —Pa.

The retarded energy Ep;, is detected in the photoemission experiment.
Photoelectron spectroscopy is a surface sensitive method, since the information
depth depends on the inelastic mean free path A of the electrons. A is a material
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specific quantity that in addition depends on the kinetic energy of the electrons. An
empirical description of the dependence of the inelastic mean free path on the kinetic
energy of the electron is given by the so called universal curve, which roughly follows
the formula [106]:

(3.3) 1=0.41a%%\/Epin,

with the lattice constant a of the material in nm and the kinetic energy E;, in eV.
Typically, the value for A at energies between 10eV and 2000 eV is in the range of
a few A [105]. Photoelectron spectroscopy is thus ideally suited to investigate the
electronic structure at the surface of a material.

Depending on the photon energy hAv and the exact configuration of the experi-
mental setup, photoelectron spectroscopy can be used to gather information about
the chemical composition, the band structure of the material, its orbital configura-
tion, and the spin polarization of the emitted photoelectrons. In x-ray photoelectron
spectroscopy (XPS) photon energies above Av = 100 eV are used to excite electrons
from deeply bound core level states. The core level binding energies yield information
about the chemical environment of the atom in the sample and allow an analysis
of the chemical composition of the material. In this work XPS is solely used for a
preliminary sample characterization. The actual experiments were performed using
angle-resolved photoelectron spectroscopy (ARPES), where typically photon energies
between hv = 5eV and 100eV are applied to map the valence band structure of a
material. In addition, spin- and angle-resolved photoelectron spectroscopy (SARPES)
was employed, which allows to access the photoelectron spin polarization.

3.2 Angle-resolved photoelectron spectroscopy

In ARPES the emission angle (¢,9) of the photoemitted electrons is measured in
addition to their kinetic energy Ep;, in order to gain information about the momentum
k.rys of the electrons inside the crystal. If an electron is excited by an incoming photon
and travels to the surface without being scattered, its momentum is conserved under
the condition that the photon wave vector can be neglected. This is an adequate
assumption for photon energies below =~ 100eV as typically used in ARPES [105].
As a result, the optical transition between the bulk initial and final state, with k;
and ky, respectively, is a transition between points in momentum space which are
related to each other by the reciprocal lattice vector G with ks —k; = G [107]. An
equivalent description employs a reduced-zone scheme, where the transition is a
vertical one and the relation between the momentum in the initial and final state
can be simplified to ks —k; = 0 [107]. At the surface, however, the photoelectron gets
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refracted and the momentum is changed. Since translational symmetry is broken
along the surface normal, only the momentum component parallel to the surface is
preserved and E.,ys | = Ryac,| = R||. The photoelectron leaves the sample under an
angle 9 relative to the surface normal and under an azimuthal angle ¢ (compare
Fig. 3.1). From a simple geometrical analysis of the relation between the wave vector

IRyl = \/kg% + k% and the emission angle one obtains:

2
ky= %Ekmsinﬁcosq),
(3.4)
2
ky= %Ekinsinﬁsinq),

where m, is the mass of the electron and 7 = % the reduced Planck constant. The
momentum component k.,ys | = k| perpendicular to the surface, however, is changed
and

1
(3.5) ki =\ 2meBpincos0 + Vo),

where V) is the inner potential, which can for instance be determined with the help of
band structure calculations [107]. Another approach to retrieve Vy and consequently
k| are systematic photon energy dependent measurements, where photoelectrons at
normal emission are detected. In order to determine the k£, dispersion in the initial
state, the structure of the photoemission final state must be known. Hereby, band
structure calculations can once more be of use. In many cases, on the other hand,
the photoemission final state is simply assumed to be a free electron parabola [107].
Two-dimensional electronic states do not show a dispersion along £, which can in
such a case be neglected.

3.3 The photoemission process

The total photocurrent I(k,E};,) at a momentum k& as a function of the kinetic energy
E};p of the electron is proportional to the transition probability wy; for an optical
excitation from the initial state ¥; to the final state WY;: I(k,E;,) oc wy; [105, 108,
109]. In a non-relativistic Schriodinger approach the interaction between the electron
and the electromagnetic vector potential A of the incoming light can formally be
described by Fermi’s golden rule, with [105]:

27
(3.6) Wi o f|<\Pf|Hm|\P,~>|26<Ef—Ei—hv>,

where the J-function describes the energy conservation with the initial and final
state energies E; and Ef. The interaction Hamiltonian H;,;, which describes the
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perturbation of the system by the incident radiation, can be developed by replacing
the momentum operator p of a free electron by p —(e/c)A for an electron with charge e
and mass m, in an electromagnetic field, yielding [108, 110]:

e

3.7 Hip: =
2m,c

A-p+p-A).

In the Hamiltonian H;,; above, a gauge is chosen in such a way that the scalar
potential is zero: V(r) = 0. Furthermore, the quadratic term A? is neglected as it does
only contribute at very high photon fluxes [110]. If additionally the commutation
relation [A,p] = iAVA is used, and a constant vector field A is assumed, which holds
for wavelengths in the ultraviolet regime when surface photoemission contributions
can be neglected, then VA =0 and H;,; can be simplified to [107, 108]:

e
(3.8) Hint =

A -p.

mec

For spin polarized electrons in external fields a more general expression is the
Dirac equation, a relativistic generalization of the Schrodinger equation, where the
electron is treated as a particle carrying spin [111]. The Dirac Hamiltonian Hp;.q.
in its nonlinearized form, and with the approximation that the kinetic and potential

energies are small compared to m.c2, can be expressed as [111]:
1 e eh eh eh
(3.9 Hpjrge=—(p—-A2+eV(r)- 0-B+i—;—E-p-———0-(Exp).
Dirae = e LA 2mec 4m?2c2 P 4m?2c? P

The first two terms are equal to the Schrodinger equation for an electron in an
external field with the potential V(r). The additional terms depend on the spin, which
is expressed by the Pauli matrices . The o -B term describes the interaction of
the spin with an external magnetic field B. The fourth term is a relativistic energy
correction, where E is an electric field and the last term is the spin-orbit interaction
Hsoc.

The spin dependent terms in the Dirac Hamiltonian induce a spin polarization
of the photoelectrons. The spin-orbit term can lead to a spin polarization of the
initial state, whereas the o - B-term can trigger spin-flip transitions [112]. At energies
typically used in ARPES the probability of a spin-flip transition, however, is about
two orders of magnitude smaller than transitions, where the spin is conserved [113].
Therefore, it is appropriate to assume, that the optical excitation process preserves
the spin.

The matrix element M ; = (¥ rIH int|'¥;) introduces dipole selection rules, which
are expressed as Al = +1 and Am; =0 for linearly polarized light and Am; = +1 for
circularly polarized light in a non-relativistic approach [112]. The dipole selection
rules can yield information about the symmetries of the initial and final state, when
the geometry of the experiment is taken into account.
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3.4 One-step photoemission theory and

inverse-LEED formalism

The photoemission process is often described in a three-step model [114], where
the complete process is divided into the optical excitation of a photoelectron, its
travel to the surface of the solid, and its transmission through the surface into the
vacuum where it is measured [105, 108]. This phenomenological model constitutes a
comprehensible approach and adequately approximates the photoemission process.
A more realistic model, however, is the one-step theory, where an excitation from an
initial state into a damped final state near the surface is described in a single step
[105]. The following descriptive summary of the one-step formalism closely follows the
approach in reference [105].

In principle, Fermi’s Golden Rule in equation 3.6 is a suitable expression for the
one-step photoemission process, if the correct initial and final state ¥; and ¥/ are
used and multiple-scattering processes are included. The final state in the one-step
model is described as an inverse LEED (low-energy electron diffraction) state, which
takes into account the short mean free path of the photoexcited electrons. In a LEED
process a beam of electrons with low energies and a velocity v is partly reflected at the
surface of a solid, and partly it penetrates into the solid. To describe the photoemission
experiment based on the LEED process, one has to neglect the reflected beam, reverse
the direction of the incoming and penetrating electron beam and add an incoming
photon [105].

The photocurrent in the one-step formalism can, therefore, be described by [105]:

(3.10) wriocve Y (KPEHim Y -6(Ef—E; - hv),

occupied,i

where the final state |‘P f) is given by the wave function “P]}:> of the electron in the
inverse LEED state in the solid.

The wave functions of the initial and final state are expanded in terms of two-
dimensional Bloch waves u,(r, k) r,E}i,) to account for the two-dimensional charac-
ter of the surface, with r =e,x + e,y + ez, the wave vector k) s of the final state wave
function, and the kinetic energy E};, of the electron. An additional imaginary part of
the potential in the Schrodinger equation characterizes the damping of the electrons in
the solid. The amount of damping determines how far the initial or final state expand
into the solid, given by the wave vector component k| = k(ll) + ik(f) perpendicular to
the surface. In general, if the imaginary part of £, is zero, no damping takes place and
the wave function describes a propagating electron. If on the other hand the imaginary
part is predominant, the damping is large leading to an evanescent wave. As a result,
the final state in the inverse LEED formalism can be written as a combination of a
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free electron wave in the vacuum and propagating as well as evanescent waves in the
solid [105]:

(3.11) ‘\I’fg> o exp(ikyf 1)) tmexp(ik | m2)um(r,ky,f,Epin),
m

where up,(r, k|, r,Eiy) are the Bloch wave functions, ¢,, is the transmission coefficient
for the low-energy electron transmitted into the solid, | = e;x +e,y, and the sum
runs over the m different possible states.

The final state can for example be a combination of a free electron wave in the
vacuum and a propagating Bloch wave with only small damping in the bulk. If the
mean free path of the electron is small, on the other hand, the Bloch wave in the
crystal is strongly damped. A more special case occurs for energies Ej;, in the bulk
band gap of the solid. The free electron is in that case combined with an evanescent
wave, which is strongly damped inside the crystal, and the final state describes a
surface state.

Similarly, also the initial state wave function can be expressed as a combination of
bulk states, which propagate freely into the bulk, as well as surface states, which are
strongly damped along the direction parallel to the surface normal into the vacuum as
well as inside the solid.

3.5 Spin polarization detection in photoelectron

spectroscopy

Spin-resolved photoelectron spectroscopy utilizes scattering processes which depend
on the spin polarization of the electrons. Electrons with a certain spin direction are
more likely to be scattered into the same direction, which introduces a commensurable
scattering asymmetry A. The underlying principle that generates this asymmetry
in the intensities of the scattered electrons is either spin-orbit coupling, which is
employed in Mott spin detectors as well as detectors based on low-energy electron
diffraction, or spin-exchange coupling, which is the relevant mechanism in spin-
dependent scattering from magnetized targets [115]. The spin polarization P(Ep;nq, k)
can be determined from the measured asymmetry A, where:

1 Ii(Epina. k) —1|(Epind, k)
Serr I1(Epind k) +1|(Eping, k)’

(3.12) P(Eping, k) =

with the Sherman function S.rr defined by A = P(E;nq,R))Sers and the measured
intensities I1(Ep;nq,k)) and I|(Epinq, k) of electrons scattered to opposite directions
in the detection plane [116, 117]. The Sherman function S.rs can be determined
by scattering experiments with an electron beam of a known spin polarization. It
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constitutes an approximate measure of the efficiency of the spin selection by the spin
detector.

In order to investigate the spin polarization of the electronic states, three different
types of spin detectors were employed within this work. Their basic functionality
as well as the underlying physics of the spin dependent scattering processes will be
shortly explained in the following.

Mott scattering

Mott scattering describes the elastic scattering of a spin polarized electron beam on a
heavy element target. The cause of the resulting asymmetry in the scattering process
is spin-orbit coupling between the electron and the nuclei of the target atoms. The
electron, which is accelerated towards the target, perceives a current in its rest frame
— the moving charged nucleus of the scattering center — and, therefore, a magnetic
field B [111, 118]. The interaction Vig = u, - B between the magnetic field B and the
magnetic moment . of the electron leads to a higher scattering amplitude along a
particular direction for a spin polarized electron beam [118]. The resulting scattering
asymmetry is proportional to the atomic number Z of the nucleus and the kinetic
energy of the scattered electron. Therefore, photoelectrons are accelerated to about
15 keV or higher in standard Mott detectors and typically heavy elements as Au or Th
are utilized as targets.

Spin-dependent electron diffraction from a magnetized target

Spin detection by very-low-energy electron diffraction (VLEED) was first reported
for spin polarized electron reflection from a magnetized Fe(001) target [119]. The
reflectivity of an electron primarily depends on the density of states (DOS) of the
target material and, therefore, on the energy of the electron. At energies, at which
the target material exhibits a band gap and the DOS becomes zero, the reflectiv-
ity of the material is high, since electrons cannot be absorbed. For certain energies
the reflectivity becomes strongly spin-dependent for a magnetized target, when the
majority or minority-spin DOS is dominating and the probability to be absorbed is
significantly higher for electrons with majority or minority spin, respectively [119,
120]. The disadvantage of a magnetized Fe(001) target is its quick degradation, which
was soon overcome by the use of a pre-oxidized Fe(001)-p(1x1)O target [121]. Spin
detection based on spin-exchange scattering is now a frequently used concept in spin
detectors [83, 122, 123].

Spin-detection based on low-energy electron diffraction
The diffraction of low-energy electrons (LEED) on a non-magnetic target can also show
a spin-dependence, when instead of the exchange mechanism, spin-orbit coupling
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mediates the interaction between electron and solid [115]. The first spin-dependent
LEED scattering experiment, establishing spin-dependent reflection, was performed
on a W(001) target [82]. The LEED based spin filter, which was used in the experiments
presented in this thesis, employs a Au passivated Ir(100) crystal as scattering target
and allows to measure the in-plane spin projection to the y-axis (compare Fig. 3.2) [124,
125]. The target crystal is aligned in specular geometry and electrons are deflected by
90°. The scattering asymmetry varies with the scattering energy E ., of the electrons
resulting in a dependence of the spin sensitivity on scattering energy. By performing
two subsequent measurements with different scattering energies information about
the spin polarization of the photoelectrons is gained. For the Au/Ir(100) crystal the spin
sensitivity is highest for scattering energies of E¢ o = 10.25eV and E ¢ = 11.50eV
for spin-down and spin-up, respectively.

One advantage of the LEED based spin detection, as implemented in the detector
setup employed in this work, is the capability to gain information about the spin
polarization over a two-dimensional area, since the spatial information is conserved
upon specular reflection of an electron beam [126, 127] making spin-resolved two-
dimensional imaging possible.

3.6 Experimental setups

The photoelectron spectroscopy experiments were performed in ultra high vacuum
(UHV) to prevent the sample from contamination. The setups all consist of a minimum
of three UHV-chambers, which are connected with each other by valves. The samples
are introduced into a small chamber, generally termed load lock, where after venting
a pressure of about 1x10~7 mbar can be reached in a rather short time frame of only a
few hours. The sample can then be transferred into the adjoining preparation chamber,
where sample preparation takes place at a base pressure below 5x1071° mbar. An
ion bombardment gun serves for cleaning the sample surface by sputtering with
Ar*-ions. With a filament, the sample can be heated up to 500 — 1500°C by electron
bombardment. In some of the setups an additional heating stage for heating the
sample to temperatures between room temperature and T = 500°C was installed. The
preparation chamber is usually equipped with a LEED experiment, which allows to
monitor the surface quality of the sample, as well as with evaporators to introduce
adatoms to the sample surface.

The photoemission experiment takes place in the analyzer chamber, with a base
pressure below 5 x 10719 mbar in all experimental setups. The sample can be placed
on a manipulator, which allows movement of the sample within up to six degrees of
freedom. All setups allow translational movement along x, y and z. In addition, the
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FIGURE 3.1. Sample alignment with regard to incoming light beam
and detector. The x, y and z axis are fixed with respect to the analyzer
and the experimental chamber. The x-axis is parallel to the analyzer
entrance slit in all experiments presented throughout this work. The
incoming light beam is incident at an azimuthal angle ® and an angle ©
between incoming light beam and sample surface, the emission angles
for an outgoing electron are 9 with respect to the z-axis and ¢ in the
x—y-plane. Sample rotation is defined by the angles « for rotation around
the surface normal, 7 for tilting with the rotational axis x and n for
rotating around the y-axis. The arrows labeled with s and p indicate the
polarization direction of a linear polarized light beam.

sample can be rotated around the azimuthal angle (a in Fig. 3.1), and tilted with
the x—axis or the y—axis as rotational axis. In most setups, rotation is only possible
along one axis, whereas some of the experimental setups employed here allow all
three possible rotation directions. The analyzer chamber is equipped with at least one
photon source as well as an electron analyzer. Emitted photoelectrons pass through
the analyzer, which has an entrance slit of variable size, and are detected with the
help of a multichannel plate installed behind the exit slit of the analyzer. The analyzer
can be set to transition mode, often applied for XPS measurements, or angular mode,
which allows to resolve the electrons emission angle and is, therefore, used for ARPES
measurements. In addition, different pass energies can be utilized, which determine
the energy window that is detected simultaneously. High pass energies increase the
number of transmitted electrons but decrease the energy resolution of the experiment.

The principle geometry of the setup with regard to the sample surface is depicted in
Fig. 3.1. The sample is oriented with the surface normal for an untilted sample along
the z—axis. The incoming light (blue arrow) is incident at an azimuthal angle ® and an
angle © between sample surface and light beam. The incoming light excites electrons
from the sample which can be detected by the electron analyzer if the emission angle 9
at which they leave the surface is smaller than the maximum acceptance angle of the
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analyzer.

The different setups in this work can be categorized in laboratory setups (the labo-
ratory in Wiirzburg and at the Max Planck institute in Halle) and synchrotron setups
(beamline i3 at Max-laboratories and beamlines BL 9A and BL 9B at the Hiroshima
Synchrotron Radiation center). A laboratory setup often has the advantage of easy
accessibility and is in many cases best suited for experiments, which need special
adjustments in the experimental setup, a time-consuming optimization of the sample
preparation or preliminary experiments for sample characterization. Synchrotron
light sources on the other hand provide the opportunity to tune the photon energy as
well as light polarization, which allows to adjust these parameters according to the
experimental requirements. With synchrotron light sources a systematic analysis of
photon energy and light polarization dependencies becomes possible.

The setups, which will be described in more detail below, differ in their specific
qualifications, given by analyzer type, sample geometry, available light sources, and
availability as well as type of a spin detector.

3.6.1 UHYV laboratory at the university of Wiirzburg

In the laboratory in Wiirzburg the UHV setup is equipped with a chromatized He
discharge lamp (Av(He I,) = 21.2 eV) (Gammadata) and a non-monochromatized x-ray
gun (Specs) with Av(Al K,)=1486.7 eV and Av(Mg K,)= 1286.6 eV. Light incidence
is at ® = 0° and O = 45° for the x-ray source and ® = 180° and ® = 45° for the He
discharge lamp. The sample manipulator in the analyzer chamber allows translational
movement along x, y and z and rotation around the x-axis. The manipulator can
be cooled by a He flow cryostat and sample temperature during the experiments
presented in this work was about T= 45 K.

The electron detector is a VG Scienta SES 200 hemispherical analyzer, which allows
the detection of electrons up to an acceptance angle of +7°. For all presented ARPES
data sets the pass energy of the analyzer was set to 5eV, for XPS measurements
a pass energy of 150 eV was chosen. The energy resolution of the ARPES and XPS
measurements performed employing this setup was determined to AE sgrprs = 10 meV
and AE xps = 1€V, respectively.

3.6.2 Max-laboratory in Lund, Sweden

The beamline i3, situated at the accelerator ring at Max III of Max-laboratories
in Lund, is optimized for spin- and angle-resolved photoelectron spectroscopy. It is
equipped with a VG Scienta R4000 hemispherical analyzer with an adjacent Mott-type
spin-detector also fabricated by VG Scienta [80]. In order to mount the Mott spin-
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detector, the standard multichannel plate detector of the R4000 analyzer is replaced by
a smaller one (25 mm diameter) and positioned off center to make room for a circular
aperture where the spin transfer lens is mounted. The Mott detector is operated at
25keV and the target is made of Th with a Sherman function of S.rr =0.17.

The synchrotron light at beamline i3 can be tuned in a range from 5eV to 50eV
and between circular and linear p- and s-polarization. Sample, photon beam and
analyzer are aligned in such a way that the light beam lies in the detection plane
with ® = 17° and @ = 0°. In all spin-integrated measurements the pass energy was
set to 5eV with an acceptance angle of +15°. For spin-integrated measurements
the energy resolution of the analyzer was about AE = 15 meV. For the spin-resolved
measurements the pass energy was set to 20 eV with an aperture of 2 mm for the spin
transfer lens and the acceptance angle was set to +15°, therefore, energy resolution
was about AE = 50 meV and angular resolution about A8 = 3°. The Mott detector
allows the detection of the spin-component S, along the x—axis as well as the out-of-
plane component S,. Sample movement is possible along all six degrees of freedom,
though rotation around the azimuthal angle a as well as around the y—axis (n) are
only possible in a rough manner by an in-situ screwdriver.

3.6.3 Hiroshima synchrotron radiation center, Japan

Beamlines 9A and 9B at the Hiroshima synchrotron radiation center (HiSOR) and sub-
sequent end stations are optimized for high resolution angle-resolved photoemission
experiments (BL 9A) and spin- and angle-resolved photoelectron spectroscopy (BL 9B,
ESPRESSO end station). Both beamlines are equipped with a hemispherical analyzer
R4000 (VG Scienta).

At BL 9A the synchrotron light is incident at an angle ® = 40° and ® = 0° and
energies from 4 eV to 40eV can be reached. In addition a Xe discharge lamp with
hv = 8.4¢eV is attached to the analyzer chamber. The sample manipulator in the
analyzer chamber allows movement along the three translational directions, x, y and
z as well as rotation around the x-axis. The data was acquired with a pass energy of
10eV and an acceptance angle of +15° of the analyzer in angular mode. The energy
resolution of all data measured at BL 9A is AE < 15 meV. The sample was cooled by a
He flow cryostat and the temperature during the measurements was approximately
T=30K.

At BL 9B (ESPRESSO: Efficient SPin REsolved SpectroScopy Observation, [83])
the synchrotron light is incident at ® = 40° and ® = 0° and photon energies from
16 eV to 50 eV can be used. The chamber is additionally equipped with a He-discharge
lamp. The end station has a VLEED based spin-detector adjacent to the electron
analyzer, which allows detection of all three spin-components by target magnetization
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FIGURE 3.2. Momentum microscopy (a) shows a schematic of the momen-
tum microscope as adopted from reference [125]. Electrons emitted from a
sample are collected by the optical lens system and analyzed with respect
to their spatial or k-distribution. An adjacent spin-filter realized by a Au
passivated Ir(100) crystal allows to measure the projected spin polariza-
tion along P (black arrow). (b) shows an example of a momentum map
of BiTeI(0001) measured with the He I,-line (21.2 eV) of a He discharge
lamp at an energy E — Er = —0.10 V. The direction of light incidence is
marked by a blue arrow, which points to the I'-point of the first Brillouin
zone. The conduction band derived surface state CBS is marked by a red
arrow.

along x,y,z. The detector target is a Fe(001)-p(1x1)-O film grown on Mg(001) and the
Sherman function is S, s = 0.3. The spin detector is mounted in the same manner as
described for the Mott detector at beamline i3 in Lund. The sample manipulator allows
translational movement of the sample along x, y, and z and rotation around the azi-
muth a, as well as rotation around the y-axis. The experiments were performed with a
pass energy of 10 eV yielding a resolution at BL 9B of AE =~ 15 meV for spin-integrated
measurements and AE < 50meV and A9 = 3° for spin-resolved measurements. The
sample was cooled by He and the temperature was approximately T = 20 K.

3.6.4 Max Planck institute of microstructure physics, Halle

Some of the experiments of this work, mainly shown in section 5, were performed at
the Max Planck institute in Halle, employing a momentum-resolving photoemission
microscope (kR-PEEM) [124], which was installed and operated under the direction of
Prof. J. Kirschner. A schematic (adapted from [125]) of the momentum microscope is
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depicted in Fig. 3.2 (a). All electrons which leave the sample surface in a photoemission
experiment are collected by an accelerating field between the sample, which serves as
cathode, and an anode lens. They are guided into the analyzing system by a complex
lens system, which is described in detail in reference [124]. The k-resolving PEEM
allows to simultaneously measure the complete momentum half space above the
sample. To correctly align the sample in the optical axis and with regard to the anode
lens, the sample stage is movable by a hexapod manipulator, which allows to adjust
the sample position along six degrees of freedom. The sample can be cooled down by a
He flow cryostat to a minimum of 18 K [124]. The analyzing apparatus consists of two
hemispherical analyzers (modified PHOIBOS 150, Specs GmbH), which minimizes
the aberration characteristic for a single one of this type of analyzers [124].

A spin-filter, based on low-energy electron diffraction on a Au passivated Ir(100)
target, is integrated in the analyzing system behind the energy filter. It allows to
measure the projection of the photoelectron spin to one direction, namely parallel to
the y-axis as indicated by the black arrow P in Fig. 3.2 (a).

The best resolution achieved in the setup is AE = 12meV and Ak = 0.0049131_1 [124].
In the measurements shown in this work the resolution is AE = 20 meV for spin-
integrated measurements and AE = 80 meV for the spin-resolved measurements.

A typical momentum-resolved image is displayed in Fig. 3.2 (b) using the example
of BiTel measured with the He I,-line of a He discharge lamp. Unlike standard ARPES
systems, a single measurement with the momentum microscope allows to image the &
dispersion at a particular binding energy. By varying the probed binding energy in the
experiment, the complete band structure can be mapped. The center in Fig. 3.2 (b) is
the I'-point and the circular structure around the I'-point stems from the Rashba-split
conduction band surface state (CBS) of BiTel. In addition, at higher wave vectors
k| along the [M-direction further structures are visible, which again stem from the
Rashba-split surface state CBS of BiTel at higher order I'-points. The image thus
demonstrates the capability of the momentum microscope to simultaneously capture
the complete k| -space including higher order Brillouin zones.

The available light sources at the momentum microscope in Halle are a non-
monochromatized He discharge lamp (modified SPECS) which allows to use the He I,
line with Av = 21.2eV, a Hg as well as a Ne discharge lamp solely used for real
space resolving PEEM imaging, and a Ti:Sa Laser light source with tunable light
polarization and a photon energy of 6 eV. Light incidence is at ® = 22° and ® = —-30° for
the He lamp, also indicated by the blue arrow in Fig. 3.2 (b) and © = 8° and ® = 0° for
the laser light source (compare also Fig. 3.1).
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3.7 Sample Preparation

Due to the surface sensitivity of the methods used in this work, namely photoelectron
spectroscopy, atomically clean and well ordered surfaces are essential to obtain high
quality data. Based on their crystal structure the different samples can be classified
into three groups: layered crystals, thin films and surface alloys. All of them were
grown differently and their surfaces were prepared in different ways. In the following
the various sample preparation methods will be described.

Layered crystals

Samples with a layered atomic structure, as for example BisTeg and BiTel, were
prepared by cleaving in UHV at pressures below 1x10~7 mbar. The atomic layers
form repeating sequences, so called quintuple or triple layers for BioTes and BiTel,
respectively, which are bound between each other by Van-der-Waals forces. The inter-
action between the atomic layers within the quintuple or triple layers is significantly
stronger. Therefore, cleaving will preferably occur between top atomic layers of two
multilayer units and the preparation results in clean and well ordered surfaces.

The cleaving procedure was preferably performed with the help of adhesive tape,
which is fixed to the sample surface, and which, by removal inside the vacuum, re-
moves the topmost multilayer units from the sample. In some cases, the samples were
prepared by utilizing a cleaving post, which was attached to the sample surface with
two component Ag-based glue. The cleaving post can be pushed off the sample inside
the vacuum and likewise removes the top multilayer units from the sample. Both
methods result in a comparable quality of the photoemission data.

Thin film samples

Thin films of the layered material BisTesSe were grown on Si(111) using mole-
cular beam epitaxy (MBE) in the group of Professor Molenkamp at the university of
Wiirzburg. The film thickness of the samples presented in this work is about 70 nm.
In order to protect the samples from surface contamination during transport through
air from the growth chamber to the surface analyzing setups, they were covered
by an amorphous Se film with a thickness of approximately 200 nm. Prior to the
photoemission experiments, the Se cap was removed by heating the sample up to
160°C at pressures below 1 x 1078 mbar. To verify the successful preparation, XPS
was performed before and after the decapping procedure. An example for such an XPS
measurement of the Se 3d core levels is shown in Fig. 3.3 (a), where the photoemission
intensity of the amorphous Se of the cap is shown in black and the signal from the
successfully prepared film is shown in blue. Whereas the Se 3d binding energy lies at
Ep =55.8(2) eV (black line) for the amorphous film, the signal is shifted to smaller
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FIGURE 3.3. Se-capped topological insulator films (a) XPS measurement
of the Se 3d core level before (black line) and after (blue line) the decap-
ping procedure revealing a shift of 1.5 eV between the amorphous Se-cap
and the BisTesSe sample. (b) shows a comparison of XPS measurements
at normal emission (black line) and at an emission angle of 60° of BisTesSe
at binding energies below 100 eV. The Se 3d, Te 4d and Bi 5d as well
as the valence band (VB) signals are distinguishable. At 60° the Se 3d
intensity is enhanced, while the Te 4d intensity is reduced.

binding energies by AE = 1.5 eV after the removal of the Se-cap (blue line). The dif-
ferent binding energies are a signature of the different chemical environment of the
Se in the amorphous cap and the Se in BisTesSe. The core level peak positions can,
therefore, already provide evidence for the successful removal of the Se-cap.

Furthermore, XPS can be employed to investigate possible changes in the surface
stoichiometry induced by the thermal decapping process by exploiting the limited pho-
toelectron escape depth. Changing the emission angle from normal emission to 60° by
sample rotation, as done in the measurements shown in Fig. 3.3 (b), results in a higher
surface sensitivity, which permits a depth dependent analysis of the stoichiometry.
The spectra show the Se 3d signal at a binding energy of 54.3 eV, Te 4d at 42.0 eV
and 40.7 eV and the Bi 5d core-levels at 25.4 eV and 28.5 eV for both, the measure-
ment taken at normal emission (black line) and at 60° (red line). The photoemission
intensities of the Se and Te signal change between the two measurements, namely,
the Se 3d signal is enhanced, whereas the Te 4d signal is reduced at higher emission
angle. The Bi 5d photoemission intensity, on the other hand, remains unchanged.
Therefore, one can conclude that the relative amount of Se is higher at the surface
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compared to the bulk, while at the same time the amount of Te is reduced. A likely
explanation is a substitution of Te by Se atoms in the topmost layer as discussed in
reference [36]. Therefore, even though the preparation of capped thin-film samples by
heating leads to a successful removal of the amorphous Se on the sample, changes of
the stoichiometry at the surface could not be avoided.

Surface alloys

The preparation of BiAge and PbAgs on Ag(111) was carried out by repeated cycles
of Ar*-ion sputtering and annealing of Ag(111) with an Ar pressure of 5-107° mbar
and an annealing temperature of roughly 800°C. To prepare the surface alloys 1/3 of a
monolayer of either Bi or Pb was evaporated onto the clean Ag(111) crystal. In case of
the preparation of BiAgy the sample was annealed to roughly 300°C after deposition of
Bi, whereas the preparation of PbAgs turned out to work best, when the Ag(111) crys-
tal was heated to approximately 300°C directly before evaporation of Pb and left to cool
down during the evaporation. Both surface alloys form a (v/3 x v/3)R30°-reconstruction,
accessible by a LEED experiment. LEED, therefore, served as a verification of the
formation of the surface alloys.

3.8 Data processing

ARPES

The analyzing systems allow to detect the photocurrent I(E;,,9,¢) as a function
of the kinetic energy E;, of the photoelectron and its emission angle 9 and ¢. A
single measurement with a conventional hemispherical analyzer yields information
about the kinetic energy E;, and the emission angle 9, whereas the sample has to
be rotated around the axis parallel to the analyzer entrance slit in order to obtain
the photocurrent in dependence of the angle ¢. The momentum microscope, on the
other hand, allows the simultaneous measurement of the angles ¢ and 9, whereas the
probed binding energy is tuned via the lens system.

In order to obtain the photocurrent in dependence of the binding energy with
respect to the Fermi level E — Er and the wave vector k) a few simple data processing
steps have to be performed. All presented ARPES data from standard hemispherical
analyzers were measured with a straight analyzer entrance slit, which results in
a curved image of the electrons at the multichannel plate. In order to correct this
experimentally caused distortion, a reference data set is fitted by a Fermi-Dirac
distribution at each emission angle 9. An ideal reference measurement is performed
with a polycrystalline sample, which exhibits no band dispersion, and under the same
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experimental conditions as the actual experiment. The position of the Fermi edge at
each emission angle allows to deduce and correct the curvature. In the same data
evaluation step the energy is set to zero at the Fermi level, yielding an energy axis
E - Ef. The translation from emission angles to wave vector is done via equation 3.4.

In order to calibrate the momentum in the data measured at the momentum
microscope in Halle, the maximum wave vector kl’l'“” can be deduced from the vacuum
cut-off in the experimental data. Its value is determined by the dispersion relation of

a free electron k""" = BVE with B =+/2m./h2 for a given energy E.

SARPES

Spin resolved energy distribution curves from all single channel spin detectors are
evaluated according to equation 3.12 from the measured intensities of the electrons
scattered to the left (I1) or right (Iz) hand, respectively.

The data evaluation of spin-resolved momentum maps acquired with the momen-
tum microscope is outlined in detail in references [124, 128]. From two data sets
measured with two different spin sensitivities S; and S; the spin polarization P can
be calculated by [124]:

Ii(x, y)/R; — Ip(x,y)/Rp

(3.13) P(x,y) = ,
Y S T, )Ry — Sy -11(x, VR,

and the spin-integrated intensity Iy(x,y) is given by [124]:

Sy Ip(x,y)Rp—Sp-11(x,y)/R;
S;—-Sh '

Here x and y are the coordinates of the image, which correspond to k£, and %, in

(3.14) Io(x,y)=

case of a momentum-resolved PEEM image. I; ,(x,y)/R; ;, is the measured intensity /
normalized to the reflectivity R for the high (h) or low (1) scattering energy E.q. In
the presented experiments E;.qs;; = 10.25eV and E.q: , = 11.50 eV were used. The
spin sensitivities S, = 0.6 and S; = —0.6 as well as the reflectivities R; = 2.3% and
R; =1.3% were obtained prior to our experiments as described in reference [124].

General data evaluation

In order to quantitatively evaluate the measured photoemission intensities, energy
distribution curves (EDC), which show the intensity distribution at one particular
wave vector (I(k) = const.,Epinq)), or momentum distribution curves (MDC), which
allow to evaluate the intensity distribution at a constant energy (I(R,Ep;nq = const.)),
can be extracted from the data. All quantitative analyses from MDCs or EDCs in
this work were done by fitting Voigt line profiles to the intensity maxima, allowing
a determination of intensities from peak areas as well as peak positions and widths.
The background intensity for the fits was approximated to be linear.
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CHAPTER

MATERIAL PROPERTIES

Investigating the spin polarization of electronic states and effects in the spin polar-
ization that arise during the photoemission process is the main focus of this work. To
this end, it is imperative to find materials with a strong intrinsic spin polarization
in their electronic structure. An intrinsic spin polarization does for example emerge
as a result of the Rashba effect at the surface of noble metals [50, 129] as well as
in surface alloys, where the spin-splittings have been found to be particularly large
[60, 62]. Large Rashba-type spin-splittings can also occur in materials with a broken
inversion symmetry in their crystal structure. This is for example the case in BiTel,
where large splittings appear in the bulk and surface band structure [64]. A different
material class which shows a spin polarized electronic structure are topological insula-
tors. Prominent examples are BisSes and related materials, which exhibit topological
surface states as a result of the non-trivial bulk band structure, where the order
between p,-like bands of Bi and Se is inverted, owing to strong spin-orbit coupling [8].

The experiments in this work address the spin polarized surface electronic struc-
ture of different material types. In particular layered topological insulators, in this
case BigTes and BiaTeaSe, layered polar semiconductors with giant-Rashba splitting,
represented by BiTel, and the surface alloys BiAgo/Ag(111) and PbAgs/Ag(111) were
investigated. This chapter presents an introduction to the electronic structure of these
materials. It concentrates on important details that allow the reader to follow the
subsequent discussions, however, it doesn’t aim at a complete and elaborate summary
of all properties known so far. In particular, the crystal structure of each material will
be presented and the electronic bands which will be the focus of the following chapters
are introduced. Finally, their advantage as model systems for the investigation of the
photoelectron spin polarization is shortly discussed.
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4.1 Layered topological insulators

BisTes as well as BigTegsSe belong to the group V-VI chalcogenides, which have a
rhombohedral crystal structure as depicted in Fig. 4.1 (a). The crystal is symmetric
under threefold rotation around the trigonal axis (z) and has a mirror-plane, which lies
parallel to the TM-direction, in other words, the crystal space group is R3m [8, 1301.
For the [111]-surface the symmetry is reduced to Cs,. Along the z-axis the crystal has
a layered structure with a repeating sequence of group VI(i) - V - VI@ii) - V - VI(i) atomic
layers, where the group V atom is Bi and VI(i) represents Te, whereas VI(ii) stands
for either Te or Se for BigTes and BigTegSe, respectively. Two subsequent quintuple
layers are coupled by Van-der-Waals forces, which are much weaker than the coupling
within the quintuple layers [8, 130]. The data presented in this work was acquired on
BigTesSe samples, grown by molecular beam epitaxy on a Si(111) crystal, whereas the
BisTes samples are single crystals, grown by a modified Bridgman method [131].

The band structures measured along I'K of both materials are displayed in Fig. 4.1
(b) and (c). The lower panels show the dispersion for BisTe2Se(0001) in (b) and
BisTe3(0001) in (c), the upper panels their respective Fermi surfaces. The light source
was He I, with Av =21.2eV in (b) and a synchrotron light source with 21 eV in (c).

For BisTesSe two features can be clearly distinguished. The topological surface
state (T'SS) is emphasized by dashed lines that serve as guides to the eyes. The second
feature, which lies below approximately E — Er = —0.3 eV, can be assigned to the
bulk valence band (BVB). The group velocity of the topological surface state, which
can be determined from its slope, is vg = (1/h) - (OE/0k) = 4.4(8) x 10° m/s. This is
consistent with the group velocity of vg = 4.2(4) x 10° m/s determined in proximity
of the Dirac point in an earlier study [133]. At the Dirac point the photoemission
intensity is enhanced and the topological surface state and bulk conduction band
overlap. Therefore, an exact determination of the energetic position of the Dirac
point is not possible. From linear extrapolation it can be deduced to approximately
E-Er=-0.35eV.

At close examination a third structure, which can be attributed to the bulk conduc-
tion band (BCB), is visible at the Fermi level. It should be noted that the electronic
structure shows a significant aging due to the adsorption of residual gases [36, 134—
137]. Therefore, the electronic states shift to higher binding energies with time after
sample preparation and the bulk conduction band can only be observed after some
time.

The Fermi surface in the upper panel of (b) shows enhanced intensity at the I'-
point, which stems from the bulk conduction band. The topological surface state lies at
higher wave vectors and exhibits a hexagonal deformation highlighted by the dashed
black line. The vertices of the hexagonal structure point along I'M, whereas the edges

are oriented towards TK.
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FIGURE 4.1. Topological insulators Bi;TesSe and BisTes. In (a) the
rhombohedral crystal structure of group V-VI topological insulators is dis-
played. The crystal is built of quintuple layers which consist of alternating
atomic layers of group V and group VI elements (graphic adapted from
[132]). (b) and (c) show the measured band structures of BisTesSe(0001)
and BiyTe3(0001), respectively. The experiments were performed with
hv=21.2 eV in (a) and 21.0 eV in (b). The upper panels show the Fermi
surfaces. Black dashed lines serve as guides to the eyes for the topological
surface states (T'SS) of both materials. Additionally, the bulk conduction
bands (BCB), and bulk valence bands (BVB) are labeled.
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The band structure of BigTeg is in many aspects quite similar to the one of BigTegSe.
In the ARPES measurement along 'K shown in Fig. 4.1 (c), analogue to (b) three states
can be distinguished: the topological surface state (T'SS) with a nearly linear dispersion,
the bulk valence band (BVB) below E — Er = —0.25 eV and the bulk conduction band
(BCB) at the Fermi energy. The group velocity of the topological surface state at the
Fermi level is vg = 8.3(8) x 10* m/s, which is lower than the group velocity in BisTesSe.
One apparent difference is the intensity at the Dirac point, which goes to zero for
BisTes, whereas it is enhanced in BigTesSe. Another deviation can be found in the
line widths of the states. In BigTes the line width of the topological surface state
is almost three times smaller than in BisTeySe, probably due to the differences in
sample preparation. Whereas BisTeg is prepared by in-situ cleaving, the BioTeoSe film
is prepared by a thermal treatment that removes a protective Se-cap as discussed in
chapter 3. This treatment might result in a larger disorder at the surface, in particular,
a higher number of stepedges and the integration of additional Se atoms.

In the Fermi surface in the upper panel of Fig. 4.1 (c) the bulk conduction band as
well as the topological surface state show distinct and intense features. The conduction
band forms a triangular intensity at the I'-point, whereas the star-like intensity
around the I'-point stems from the topological surface state. Compared to BigTesSe the
hexagonal deformation is much more pronounced, resulting in the distinct star-like
form with the tips of the star pointing along I'M. The deviating magnitude of the
anisotropy is very likely due to the different stoichiometries of the two materials
and the difference in their intrinsic doping, which shifts the Fermi energy with
respect to the Dirac point. Whereas the warping has been repeatedly shown to be
very pronounced in BigTes [76, 130], a smaller but significant warping effect was
observed in BigTegSe [138, 139] and BisSes [140]. Thus, the hexagonal anisotropy of
the topological surface states of both materials fits well to previous observations.

4.2 Giant-Rashba splitting in BiTel

BiTel has a trigonal non-centrosymmetric layered structure with space group P3m1.
It exhibits a mirror plane parallel to the crystal direction I'M. Three atomic layers
with the sequence Te — Bi — I form one triple layer bound by covalent (Bi — Te) and ionic
(Bi —I) bonds, which induces a polarity along the stacking direction z [65]. Between
the triple layers the coupling is of Van-der-Waals type and, therefore, considerably
weaker than the coupling within a triple layer. The terminating atomic layer consists
of either Te or I due to domains that are caused by stacking faults in the crystal bulk as
illustrated in Fig. 4.2 (c). In all investigated crystals both possible surface terminations
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FIGURE 4.2. Giant-Rashba-split surface electronic structure of BiTel.
(a) shows the electronic structure of BiTeI(0001) measured with hv =
24.0 eV [141]. Black markers indicate intensity maxima of the upper
branch EZ,B and lower branch E ; of the conduction band surface state
(CBS) as well as the upper branch E{, p of the valence band surface state
(VBS). (b) shows a PEEM data set of the cleaved BiTeI(0001) surface with
gray and white indicating areas of different surface terminations Te or I,
which are a result of stacking faults as schematically shown in (c).

coexisted on the same sample surface. In Fig. 4.2 (b) a PEEM measurement of a cleaved
BiTel surface, which is sensible to the materials work function, is shown. The darker
and brighter areas correspond to the different work functions of the two possible
surface terminations [142]. The terraces are distributed evenly between Te and I
surface layers and have an approximate terrace width of 50 — 150 nm as shown in
previous STM experiments [143]. The BiTel samples investigated in this work were
grown by a modified Bridgman method as described in [131].

Due to the broken inversion symmetry in the crystal bulk, the band structure of
BiTel exhibits a Rashba-type spin-splitting in its bulk as well as its surface electronic
structure [144, 145]. In Fig. 4.2 (a) the surface states, which develop from the valence
and conduction band, are labeled valence band state (VBS) and conduction band state
(CBS), respectively, and are highlighted with black markers that are positioned at the
intensity maxima as obtained from momentum distribution curves. The spin-splitting
in the band structure of BiTel is among the largest Rashba-type spin-splittings
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observed so far. The upper and lower branch EJ(:‘B and E ., of the conduction band
state are thus well separated in energy and momentum. The same can be said for
the valence band state, where only the upper branch E{,B can be distinguished,
whereas the lower branch E7, ; is not visible, due to the rather high intensity of bulk
valence band (BVB) states. A quantitative evaluation of the Rashba-splitting yielded
agB =3.85 eVA_lfor the conduction band state [64].

The conduction band state and valence band state have been shown to be located
on the Te and I terminated surfaces, respectively [143]. As a consequence the two
states behave differently in terms of aging, which leads to by far stronger energy
shifts on a similar timescale for the valence band state, due to the higher reactivity
of the I-surface [66, 143]. It is also important to keep in mind that the reversed
stacking order results in a reversal of the intrinsic electric field with respect to the
surface. This intrinsic electric field originates from the polarity of the crystal and
is the driving force for the giant-Rashba splitting. Taking into account the reversed
z-axis due to the inverted crystal stacking order, we were able to show in a previous
work that the sign of the Rashba parameter is opposite between valence band top and
conduction band bottom [37] as suggested in a theoretical evaluation of the origin of
the Rashba-splitting in BiTel [65].

4.3 Surface alloys

BiAgs and PbAgy are examples for surface alloys which form on noble metal surfaces
after deposition of one third of a monolayer of Bi or Pb and subsequent annealing.
In the surface layer every third atom is replaced by an adatom as illustrated in the
schematic in Fig. 4.3 (a). The surface alloys form (v/3 x v/3)R30° reconstructions, which
implies that the surface unit cell is rotated by 30° and increased by a factor of v/3
compared to the Ag(111) substrate [146]. In momentum space the I'K-direction of
the surface alloy coincidences with the I'M-direction of the Ag(111) substrate and
the size of the surface Brillouin zone is reduced. The surface alloys exhibit a mirror
plane, which is oriented parallel to the I'K-direction [147]. The crystal directions given
throughout this work correspond to the orientation of the surface alloys.

The substitution of the substrate atoms by heavy element atoms is limited to the
surface atomic layer, therefore, the system can be regarded as nearly two-dimensional.
Due to a size mismatch between adatoms and the Ag atoms, an additional out-of-plane
relaxation Az is present. It has been discussed in previous works that this out-of-plane
relaxation might be one of the factors that lead to the large sized Rashba-splittings in
surface alloys [61]. Moreover, it has a strong influence on the energetic position of the
surface states as deduced from band structure calculations [61, 62].
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FIGURE 4.3. Electronic structure of the surface alloys PbAg,/Ag(111)
and BiAgy/Ag(111). (a) shows a schematic of the atomic structure of the
surface alloys. The upper part shows a side view illustrating the out-of-
plane relaxation Az, which is a result of the size mismatch between Ag
atoms (blue spheres) and adatoms Bi or Pb (red spheres). The lower panel
shows the top view of the surface alloys. (b) and (c) display ARPES in-
tensity plots of the PbAgo/Ag(111) and the BiAgs/Ag(111) band structure,
respectively. The different bands are labeled with EZ;Z_] for the (+) and
(-) branch of the upper (U) and lower (L) state and marked with colored
arrows. The data was acquired at beamline BL 9A at HiSOR (b) and at
beamline i3 at Max-laboratories (c) with a photon energy of Av =30eV
and p-polarized light.
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Fig. 4.3 shows ARPES measurements of the electronic structure of PbAgs/Ag(111)
in (b) and BiAge/Ag(111) in (c). The light source in both cases was tuned to p-polarized
light with a photon energy of Av = 30 eV. The surface alloys exhibit two Rashba-split
bands. The band that lies lower in energy is termed Ej, (L for lower) and is fully
occupied in BiAgy, whereas its maxima lie above the Fermi level in the case of PbAgs.
In Fig. 4.3 (b) and (c) this mainly occupied state is labeled Ez and E7 for the upper
and lower Rashba branch, respectively. The two branches are additionally marked by
blue and red arrows.

A second surface state can be observed at higher energies E — Er and is, therefore,
labeled Ey (U for upper) for both surface alloys. It lies at wave vectors |k,| > 0.3 A_l in
the band structure of PbAgs in Fig. 4.3 (b) and is almost indistinguishable. Further-
more, in the occupied part of the band structure of PbAgs the states Eli] are degenerate.
In case of BiAgy in Fig 4.3 (¢) the lower branch E;; of the upper state crosses the
occupied surface state E7,. The surface state Eyy is marked by green arrows in Fig. 4.3.

The occupied surface state E1, has been predicted to consist of mainly sp,-orbitals
in early works, whereas the upper surface state Ey; was assumed to have predomi-
nantly p, , character [61, 148]. The actual orbital composition turns out to be more
complicated as will be discussed within this work.

The magnitude of the Rashba-splitting differs significantly between BiAgs and
PbAgs. Whereas the occupied surface state of PbAgs exhibits a Rashba-parameter
of ar pp = 1.42 eVA_1 [148], the Rashba-parameter of ag p; of the equivalent surface
state of BiAgy is ag g; = 3.05 eVA_1 [60, 149] and is thus approximately two times
larger.

Discussion

The materials investigated in this work have one common aspect, they all comprise
of heavy elements, which introduce a large spin-orbit coupling (SOC) to the system.
The resulting characteristics in the band structure are either topologically non-trivial
surface states (T'SS), as in BigTe3(0001) and BisTesSe films, or the emergence of large
Rashba-type spin-splittings (RSS) in the electronic structure, as observed for BiTel
and the surface alloys BiAgs/Ag(111) and PbAge/Ag(111). In both cases a large spin
polarization of the surface states can be expected. For the materials introduced above,
the spin polarized states are well separated in energy and momentum — an ideal
prerequisite for the investigation of the spin polarization, which is the central subject
in this work. They are thus ideal model systems to understand the intricate spin
polarization effects in the photoemission process.

An ideal surface state is two-dimensional and independent of the bulk of the
material. In case of topological insulators, though, the band inversion leading to the
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topologically nontrivial nature is a bulk property. More precisely, the bulk topological
invariant v is related to the number of gapless edge states, a relation which is often
termed bulk-boundary correspondence [7, 69]. Moreover, it has been shown for BisSes
that the topological surface states on both sides of a thin film overlap up to a film
thickness of six quintuple layers, indicating a considerable expansion of the surface
states into the bulk [150]. Similarly for BiTel the surface states develop from the bulk
valence and conduction band and inherit their large spin-splittings [65, 145]. Thus,
both types of materials are influenced by bulk properties. In addition, the layered
structure of BisTes, BisTesSe, and BiTel introduces a complicated orbital composition
that differs between atomic layers [151]. The surface alloys, on the other hand, can be
considered nearly two-dimensional and are thus model cases for a two-dimensional
surface state, where the bulk properties play a secondary role, only.

The combination of the different types of materials, with topological as well as
Rashba-type surface states, and layered as well as surface confined structures, allow
to develop a comprehensive picture of the spin polarization effects in SOC materials.
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CHAPTER

SPIN AND ORBITAL TEXTURE GENERATED BY STRONG
SPIN-ORBIT COUPLING

The surface states of topological insulators as well as of materials which show Rashba-
type splittings in their surface electronic structure are often described in a simplified
picture, where the surface state exhibits a single chiral spin-texture. This description
is incomplete, as the wave functions of the states are generally composed of different
orbital components. Due to strong spin-orbit coupling, the orbital and spin degree
of freedom are not independent from each other, but the orbital parts of the wave
function are coupled to different spin structures. Therefore, in order to understand
the structure of the wave function as well as its inherent complex spin-texture it is
helpful to first decipher the orbital composition.

For a surface state composed of p,-, p,- and p,-orbitals, the initial state wave
function |¥;) of the states can in a simple way be expressed as:

(5.1) W) =c1lp2)|x1) +c2lpr)|x2) +cslpe) X)),

where |p,) and |p;) are p-orbitals aligned radially or tangentially to the state, respec-
tively, and |p,) describes the out-of-plane orbitals. The orbital structures are coupled
to different spin structures | )(1_3> [29, 152] and the coefficients ¢1_3 quantify the
relative contribution of the different orbital parts to the overall wave function. The
alignment of the different p-orbitals is illustrated in Fig. 5.1, where the orbitals are
depicted as gray lobes. In (a), (b) and (c) the p,-orbital, aligned along the y-axis,
the p,-orbital aligned along x and the p,-orbital, which lies parallel to the surface
normal are shown. The tangential |p;), radial |p,) and out-of-plane |p,) structure of
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FIGURE 5.1. Schematic of dipole selection rules. (a) illustrates, how the
py-orbital can be probed by s-polarized light, whereas the p,- (b), and p,-
orbitals (c) can be addressed by p-polarized light. (d)-(f) shows a schematic
presentation of the orbital composition of electronic bands at a constant
binding energy. The band dispersion is illustrated by a simple circle
and orbitals are depicted as blue lobes. Here, the orbital composition is
composed of p-orbitals which are oriented tangential (d) or radial (e) to
the band as well as of p,-orbitals (f).

the orbitals is illustrated in (d) to (e), respectively. Black circles are simple schematics,
which represent the surface state dispersion at a constant binding energy.

It has been demonstrated for instance for the topological insulator BigSe3(0001)
that photoelectron spectroscopy can serve as a probe of the orbital composition, when
linear p- or s-polarized light is used [153]. The light polarization is termed s, if
the polarization direction of the vector field A of the incoming radiation, given by
the unit vector €, is oriented perpendicular to the plane of incidence given by the
direction of the incoming light beam (blue arrow in Fig. 5.1) and the surface normal
(k ,-axis). For p-polarization the polarization direction of A lies in the plane of incidence
but perpendicular to the direction of the light beam as shown in the schematic in
Fig. 5.1 (a)-(c). The schematic illustrates, how for light incidence in the x — z-plane
s-polarized light allows to probe the p,-orbital, only (Fig. 5.1(a)), whereas with p-
polarized light electrons from p,- as well as p,-orbitals can be excited (Fig. 5.1(b)
and (c)). This can be understood, when considering the photoemission matrix element
D =(¥flA-p|V¥io) x (¥flé-r|¥;) = [d®r¥}é r¥,;,, with the initial and final state
wave functions |¥; ;) and |'¥/), the momentum operator p and r = (x,y,z). For the
least complicated case of an isotropic or mirror symmetric crystal, where the detection
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plane lies in a mirror plane, the photoemission intensity is non-zero only, when the
integrand of the overlap integral is an overall even function with respect to the mirror
plane. The final state must be an even function [108], therefore, an initial state
with either even or odd symmetry with respect to the mirror plane yields a non-zero
photocurrent, if the operator A - p has even or odd symmetry, respectively. Concretely,
for p-polarized light A - p has even symmetry with respect to the detection plane and
allows to probe even, that is p,- and p,-orbitals, whereas for s-polarized light A-p has
odd symmetry and can only excite electrons from p,-orbitals.

A variety of works addresses the spin-orbital texture in BigSe3(0001). Using photo-
electron spectroscopy, the orbital texture of the topological surface state of BioSe3(0001)
has been shown to consist of a combination of p,-orbitals and radially and tangentially
aligned in-plane p-orbitals, where the orbital wave function of the upper part of the
Dirac cone contains mainly tangentially aligned in-plane orbitals, whereas the lower
part of the Dirac cone is constructed of mainly radially aligned in-plane orbitals [153].
The same method was employed to analyze the spin-orbital texture of the topological
surface state of BiaSe3(0001), demonstrating that spin structures of opposite chirality
are coupled to different orbital parts of the wave function [154]. Similar investigations
on different material classes or even different topological insulators, however, remain
scarce up to now. It is, therefore, of much interest to disentangle the spin-orbital tex-
ture in a variety of materials to gain a deeper understanding of the orbital structure in
different materials and the relation between orbital and spin degree of freedom. What
role does for example topology play for the spin character of an electronic state and
is a complex spin-texture as found in the surface electronic structure of BigSe3(0001)
specific for this material class or rather a general property, inherent to all materials
which exhibit strong spin-orbit coupling?

This chapter is dedicated to gaining a broader understanding of the intricate
interplay between the spin and orbital degree of freedom and the associated role
of topology as well as spin-orbit coupling. In the first part a thorough analysis of
the orbital texture in the topological surface state of BisTesSe(0001) as well as in
the Rashba-type surface states of BiTeI(0001), PbAgo/Ag(111)and BiAgo/Ag(111) is
presented. The second part of this chapter addresses the spin-texture of the materials
and gives insight into the coupling between spin and orbitals.

5.1 Orbital composition

Fig. 5.2 (a) and (b) show constant energy maps of the band structure of BioTesSe at
E - Er = -50 meV. The measurement was performed at the momentum microscope
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FIGURE 5.2. Orbital composition of the topological surface state of
Bi;TeySe films. (a) and (b) show photoemission intensity plots at a
constant energy £ — Er = —0.05eV that were measured with linearly s-
and p-polarized light, respectively, and with a photon energy of hv =6¢eV.
Light incidence was along &, and at an incidence angle ©® = 8° between the
sample surface and the incoming light. The sample was oriented such that
the mirror plane along I'M coincides with the direction of light incidence.
The intensity around the state from a = 0° to 360° as indicated by the red
dotted line in (a) is plotted for s-polarized (red markers) and p-polarized
(black markers) light in (c¢). (d) shows a momentum distribution curve
(black) extracted along the blue dotted line in (b) and the corresponding
Voigt line profiles, which were fitted to the experimental data (blue and
gray lines).
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setup in Halle, which allows to capture the complete momentum half space at variable
energies £ — Er. The 4th harmonic of a Ti:Sa oscillator with an energy of Av =6 eV
and tunable light polarization served as light source. In the measurements shown,
the light polarization was changed from s-polarized in (a) to p-polarized in (b). The
direction of light incidence was along the k,-axis and at an angle © = 8° between light
beam and sample surface (compare also Fig. 3.1 in section 3). The sample was oriented
within 5° from I'M|| 2, as denoted in Fig. 5.2, therefore, light incidence was parallel to
the mirror plane of the crystal.

In both, Fig. 5.2 (a) and (b), a circular structure around the I'-point can be observed
with the maximum of the photoemission intensity at roughly |k | = 0.12 A_l, which
stems from the topological surface state of BisTesSe. At close examination a slight
hexagonal warping with the vertices along &, is visible, which is in accordance with
the measurements shown in section 4.1. Evidently, the photoemission intensity dis-
tribution differs significantly between the measurements shown in (a) and (b). The
measurement with s-polarized light (a) shows a very symmetric intensity distribution
with regard to the k.- as well as the k,-axis. The highest intensity is found along %, at
ky= OA_I, whereas at &, = OA_l the photoemission intensity is considerably weaker.
The situation is reversed for the measurements with p-polarized light, where the
maxima in intensity are along &, at &, = OA_I, whereas there are minima in intensity
along k,, especially pronounced for negative wave vectors k&, < OA_I.

Fig. 5.2 (¢) shows the integrated photoemission intensities as deduced from Voigt
line profiles that were fitted to momentum distribution curves for azimuthal angles
from a = 0° to 360°. The positions of the momentum distribution curves are indicated
by the red lines, and the angles a by the red dashed arrow in (a). One example for such
a momentum distribution curve is shown for p-polarized light in Fig. 5.2 (d). The MDC
intersects the state at angles of @ =90° and a =270°, the corresponding cut through
the constant energy map is represented by the blue dotted line in (b). The measured
intensity (black solid line) shows two intensity maxima at -0.12 AT and +0.12 A_l.
Three Voigt profiles were fitted to the momentum distribution curve. The gray peak at
ky= OA_I very likely stems from the bulk conduction band, which shows no distinct
intensity in the constant energy plots in (a) and (b), but still significantly contributes
to the total intensity as evident from the intensity profile in (d). The intensity of the
topological surface state is deduced from the light blue Voigt profiles and yields the
intensity plotted in Fig. 5.2 (c) for angles of @ =90° and 270°. The sum of the three
Voigt line profiles is displayed as dark blue line in (d).

The intensity distribution over 360° in Fig. 5.2 (¢) shows dips in intensity at
a =90° and 270°, whereas maxima are at @ = 0° and 180° for s-polarized light (black
markers). For p-polarized light (red markers) two distinct maxima are at approxi-
mately 100° and 250°, while intensity dips can be found at @ = 0° and 180°. This
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confirms the apparent change of the photoemission intensity distribution between
measurements with p- and with s-polarized light.

The maxima for measurements with p-polarized light are not at the symmetric
positions of a =90° and 270° but slightly shifted towards @ = 180°. In addition, the
intensity at @ = 0° is lower than at 180°, as clearly visible in (c). Such a deviation from
a symmetric intensity distribution is in principle not prohibited when p-polarized light
is used: Whereas for s-polarization the light polarization € is mirror symmetric with
regard to +k,, it breaks mirror symmetry for p-polarization, where the polarization
direction € of the vector field A consists of a component along x as well as a component
along z.

From the s-polarization data it is already possible to gain information about
the orbital composition. Since s-polarization exclusively addresses p,-orbitals, the
in-plane orbital composition of the topological surface state must consist of mainly
px-orbitals along &, = OA_I, that is at @ =90° and 270°, where the intensity is strongly
decreased for s-polarized light. Along £, =0 A_l on the other hand, that is at @ =0° and
180°, the intensity is at a maximum, indicating a strong contribution of p,-orbitals.
Therefore, from the data measured with s-polarized light one can derive that the in-
plane orbital structure consists of predominantly tangentially aligned p-like orbitals.
This is supported by the data sets in Fig. 5.2 (b) obtained with p-polarized light,
which addresses the p,- and p,-orbitals. The data indicates a stronger contribution
of p,-orbitals along &, =0 A_l, based on the increased intensity along %, = OA_I as
compared to &, = OA_I. It must be noted though, that since a mixture of p,- as well
as p,-like states contribute to the overall photoemission intensity, the interpretation
can become less straightforward, as will be addressed in detail later in this work.

Similar analysis of the orbital composition have been performed theoretically and
experimentally on the topological surface state of BioSe3(0001) [153, 154], finding a
likewise tangentially aligned in-plane orbital composition for the upper part of the
Dirac cone. This is in line with the results shown here on BisTeoSe, which belongs to
the BigSes family of topological insulators. Therefore, in terms of the orbital composi-
tion, topological surface states of the group Vo VI3 layered topological insulators seem
to exhibit a similar orbital composition at least in the upper part of the topological
surface state. For BiaSe3(0001) the lower part of the Dirac cone was shown to consist
of a different, namely radially aligned orbital texture [153, 154]. The lower part of the
topological state of BioTeasSe was not probed within this work, since it is not clearly
distinguishable by ARPES, due to an overlap with bulk states.

The analysis of the in-plane orbital composition of the topological surface state
of BioTesSe is a nice example of how information about the composition of the wave
function can be extracted from photoemission data. The result is not unexpected, since
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FIGURE 5.3. Orbital character of the surface states of PbAgs/Ag(111).
(a) and (b) show ARPES data sets measured with a photon energy of
hv =24¢V and s- and p-polarized light, respectively. The light incidence
was along the k,-axis and at an angle of ® = 40°. The sample was oriented
with T'M parallel to &,, as labeled in (a). The two innermost structures,
which are indicated by arrows, belong to the lower (-) and upper (+)
branch of the surface state E;, and are labeled accordingly. (c) shows the
intensity distribution determined from Voigt line profiles that were fitted
to momentum distribution curves from a = 0° to 360° as schematically
illustrated by blue dashed lines in (a).
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it mirrors the orbital structure of the Dirac-cone of BisSeg(0001). It is, furthermore,
interesting to investigate, whether a similar situation can be found for surface states
of a different origin, namely topologically trivial surface states which exhibit a Rashba
type spin-splitting. The analysis of the orbital composition will, therefore, be extended
to the surface states of PbAge/Ag(111) and BiAge/Ag(111). Both materials show large
Rashba-type splittings in their surface electronic structure, due to strong spin-orbit
coupling. Owing to the large sized spin-splittings, it is possible to access the two
Rashba-split branches separately by photoelectron spectroscopy, making the materials
ideal model systems to probe the orbital texture of a Rashba-type state.

The Fermi surface of PbAge/Ag(111) is presented in Fig. 5.3 (a) and (b) for mea-
surements with s-polarized and p-polarized light, respectively. The measurements
were carried out at beamline BL 9A at the Hiroshima synchrotron radiation center.
The photon energy was Av =24 eV and the measurements were performed with light
incidence along %k, and at an angle of ©® = 40° between sample surface and light beam.
The sample was aligned with TM along &,.

The most prominent features in the Fermi surfaces are two structures around
I’ which can be assigned to the lower Rashba surface state E,. The inner circular
structure is the lower branch E; of the state, while the outer hexagonally deformed
structure stems from the upper branch E;. The hexagonal deformation is oriented
with the tips of the hexagon along I'K. There are further states at higher wave vectors
k|, which again show a strong hexagonal deformation with a 30° rotated orientation
compared to the state E. The following discussion will be concentrated on the upper
and lower branch E] and E of the lower surface state.

Similar to the topological surface state of BioTesSe the photoemission intensity
distribution of the Rashba surface state E;, in PbAgs as measured with s-polarized
light in (a) is highly symmetric with regard to &, as well as k,, whereas mirror
symmetry with regard to +%, is broken for p-polarized light, which in principle allows
asymmetries in the photoemission intensity distribution.

When measured with s-polarized light, the intensity is highest along the & ,-axis

at k, = OA_I for both branches of the state E,. This is demonstrated in detail by the
intensity plots in Fig. 5.3 (¢), which were determined from Voigt line profiles fitted
to momentum distribution curves in the same manner as described before in the
case of BigTesSe. The momentum distribution curves were extracted along lines at
azimuthal angles from a = 0° to 360° as indicated by the blue dashed line in (a). The
resulting intensity distribution in (c) for the inner (black markers) as well as the
outer (red markers) structure shows the same overall modulation around the Fermi
surface. The maxima in intensity lie at approximately a = 90° and 270°, while the
minima are at @ = 0° and 180°. Interestingly this is in contrast to the case of BisTesSe
where the maxima lie along %, at 0° and 180°, a clear indication for a different orbital
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composition of the surface states of the two materials.

For measurements performed with p-polarized light, shown in Fig 5.3 (b), the inner
branch of the state has intensity dips along the & ,-axis, whereas along the k-axis the
photoemission intensity is considerably higher. For the outer structure the contour
can be clearly distinguished only for &, > 0, since the intensity at £, < 0 is too low
to be traced against the high intensity background. Therefore, an analysis of the
photoemission intensity by Voigt line profiles fitted to the state for azimuthal angles
from a = 0° to 360° could only be performed for the inner structure (blue markers
in (c)). Here again minima in intensity lie at approximately 90° and 270°, whereas
the most prominent maximum is at @ = 180° opposite to the measurements with
s-polarized light.

A likewise analysis as performed for BioTesSe yields a radially aligned in-plane
orbital composition for both branches of the state E;. More precisely, from the s-
polarization measurement it is obvious that there is almost no contribution of p,-
orbitals along k&, at &, = OA_I, since the photoemission intensity is zero for the upper
branch Ez and only small for the inner branch E;. At k£, =0 A_l, on the other hand,
the photoemission intensity is high, indicating a considerable portion of p,- that
is radially aligned orbitals. Thus, the contributing p-orbitals are aligned radially
to the lower surface state of PbAgy/Ag(111). This is supported by the fact that for
p-polarization the intensity of the inner branch E; is lower along &, = OA_I, albeit

. . . . e —1
not completely zero, indicating a possibly higher p, contribution along 2, atk, =0A .

Unlike the case of the topological surface state of BiaSe3(0001), where the in-plane
orbital structure consists of tangential orbitals in the upper and radial orbitals in
the lower branch of the Dirac cone [153, 154], the orbital composition of the two
branches of the Rashba-split surface state E7, in PbAgs/Ag(111) is the same. Similar
to the upper part of the Dirac cone in BiyTesSe, the in-plane orbital composition of
the surface state E7, of BiAgy is mainly constructed of one type of orbital alignment,
not a mixture. Nevertheless, the alignment is opposite — tangential in BisTeoSe and
radial in PbAgs. This observation reveals a difference in the orbital texture of the
Rashba-split surface state and the topological surface state.

Early theoretical works on PbAgs calculated an orbital composition of mainly sp,-
character for the lower surface state E, [148]. A different analysis likewise predicted
mainly p,-character for the equivalent surface state of the surface alloy BiAgy, albeit
with increasing contributions from p, ,-orbitals for an increasing outward relaxation
of the surface atoms leading at the same time to a larger spin-splitting [61]. The
results shown above demonstrate that the orbital composition is not primarily p,-like,
but has a large contribution of p, ,-orbitals in contrast to the early theoretical works.
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A newer study on PbAge/Ag(111) [155] claims that the lower occupied state consists
of mainly radially aligned orbitals in agreement with the results shown here. Only
for small wave vectors k|| the contribution of tangentially aligned orbitals to the
surface state seems to be predominant in reference [155]. An indication for such a
k| -dependence can also be observed in the experimental data in Fig. 5.3 (a), where the
upper branch Ez of the state has no visible p, contribution, whereas the lower branch

E; yields some photoemission intensity at wave vectors along &, = OA_I. This might
suggests an increasing contribution of tangentially aligned orbitals for decreasing &
in accordance to the proposed orbital structure in reference [155].

In the theoretical analysis in reference [155] a k|-dependence of the orbital charac-
ter is predicted to be even more pronounced in the upper state Ey;. Here, for small
wave vectors |k| the state consists of predominantly radially aligned orbitals, whereas
for increasing |k)|| tangentially aligned orbitals dominate [155]. However, in the case
of the surface alloy PbAgs the upper state Ey lies mainly in the unoccupied part of
the band structure. In the occupied range, it shows no splitting but is degenerate,
making an analysis of the orbital character by photoelectron spectroscopy difficult. In
order to analyze the orbital composition of the upper surface state E{;, a promising
approach is to analyze the surface electronic structure of BiAgo/Ag(111), which has a
similar structure and can, therefore, be assumed to have a similar orbital composition
of the surface states, which are shifted to lower energies compared to PbAge/Ag(111).
The upper state Ey of the surface band structure of BiAgs/Ag(111) still largely lies
in the unoccupied part of the bands, but shows a larger splitting and is shifted to
smaller wave vectors |k||| (compare section 4). It can thus partly be investigated by
photoelectron spectroscopy.

Fig. 5.4 (a) and (b) show the Fermi surface of BiAgy/Ag(111) measured at the
beamline i3 at Max Laboratories in Lund. Both data sets were acquired with s-
polarized light with a photon energy of Av =22V and Av =24 eV, respectively. Light
incidence was along the k,-direction and at an angle ® = 17° between light beam and
sample surface. The innermost structure stems from the maxima of the lower band
E7, that lie close to the Fermi level. It is almost circular with only slight hexagonal
deformation, where the vertices of the hexagon point along TM. At slightly higher
wave vectors a second hexagonal structure is visible, which can be assigned to the
higher branch E}; of the upper state, whose maxima lie in the unoccupied part of
the band structure. Again the vertices of the hexagon are oriented along k,. At even
higher wave vectors additional states are visible, which will not be discussed here.

The upper state is marked by red arrows in Fig. 5.4. For both photon energies the
photoemission intensity has a minimum along the % ,-axis, whereas it is much higher
along the k,-axis, indicating a large contribution of p,-orbitals along %, and no p,
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FIGURE 5.4. Momentum-dependent orbital composition in the sur-
face bands of BiAgy/Ag(111). (a) and (b) show momentum distribution
maps of the electronic structure of BiAgs at the Fermi energy. They were
measured with s-polarized light and a photon energy of Av =22¢eV in (a)
and Av =24 eV in (b). The sample was oriented with IT'M in the plane of
incidence with an angle between the direction of light incidence and the
sample surface of @ = 17°. An ARPES data plot measured at Av =22¢eV
along k. (k, = 0) is displayed in (c). Arrows mark the outer branch £ Z} of
the upper state, while the gray dashed line shows the dispersion of the
lower branch E; as determined from photoemission data acquired with

p-polarized light and a photon energy of ~Av = 30 eV, which is shown for
comparison in (d).
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contributions along k. This suggests that the in-plane orbitals are aligned tangential
to the state similar to the case of BigTegSe but in contrast to the surface state E, in
PbAgs. The same observation can be made for the occupied state E,, which also yields
the highest photoemission intensity along &, = OA_I. It should be noted though, that
the intensity dip along the k-axis is not as clear — especially for the measurements
with hv =24 eV — as for the upper state. The data, therefore, suggests a higher ratio
of tangentially aligned orbitals with a contribution of radial orbitals in the in-plane
orbital composition of the surface state E, of BiAga/Ag(111).

In Fig. 5.4 (¢) an ARPES plot of the band structure is presented, which was
measured with s-polarized light and a photon energy of Av =22¢eV in the same experi-
mental geometry as in (a) and (b). The brightest band is the surface state E;, which
shows large Rashba-type splitting and has maxima at approximately &, = +0.15 A_l.
In addition, the upper branch E; of the state Ey is visible and marked by red arrows.
The lower branch E7;, on the other hand, shows no intensity at all. At positive wave
vectors its expected dispersion is indicated by a dashed gray line. It was deduced from
a measurement with p-polarized light at a photon energy of Av = 30 eV, displayed
for comparison in (d), where the branch E7; is clearly visible, whereas the branch
E {] has no intensity. The absence of photoemission intensity from the lower branch
E7; in the data measured with s-polarized light indicates that the spectral weight in
(a) and (b) of the inner structure exclusively stems from the state Ej,. The fact that
the two branches do not appear simultaneously in the measurements with either s-
or p-polarized light in (c) and (d) can be taken as evidence that the two branches of
the upper state have different orbital compositions. More precisely, the branch EE
has a significant contribution of tangentially aligned p,-orbitals along the %, axis,
whereas the lower branch E;; most likely has predominantly radial (p, along k,) and
ps-character.

Compared to PbAgs the measurements on BiAgs indicate a different, that is
tangentially aligned, in-plane orbital structure. This can on the one hand be caused
by structural differences between the two materials, for instance the amount of out-
of-plane relaxation of the atoms can influence the strength of orbital mixing [61].
On the other hand, due to the different energetic positions of the surface states in
PbAgo/Ag(111) and BiAge/Ag(111), the constant energy cuts at the Fermi energy
shown for BiAgs in Fig. 5.4 are much closer to the Rashba degeneracy point, where a
larger portion of tangentially aligned orbitals compared to radially aligned orbitals
is expected also for PbAgy [155]. Such an interpretation is supported by the higher
intensity of the band above E — Er = —0.5eV and between approximately +0.2 A_l in
Fig. 5.4 (c), which might also point towards a larger contribution of p,-orbitals at
small wave vectors.

For the surface state Ey of BiAgy the apparent dominance of radial and p,-orbitals
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in the lower branch is in accordance with theoretical predictions for PbAgy [155],
where for small wave vectors radial orbitals dominate, while at larger |k| the state
consists of tangential orbitals. Theoretical calculations of the band structure of the
surface alloy BiAgs likewise predict a change of orbital character of the upper state
Ey with increasing |k| [156]. A similar orbital structure was also found in the surface
alloy BiCug/Cu(111) [152], which exhibits a surface electronic structure comparable to
BiAgo/Ag(111) and PbAge/Ag(111). Here, mainly radial in-plane orbital contributions
for the lower branch E; of the lower band and purely p.-orbitals in the upper branch
Ez were predicted, which at least for the lower branch corresponds to the presented
results on PbAgo/Ag(111). For the upper band of BiCuy/Cu(111) on the other hand a
mainly tangential character, with an almost completely vanishing radial component
below the Fermi level is expected [152], corresponding to the tangential character
of the upper branch E7; of the surface state Eyy observed in the presented data on
BiAgo/Ag(111).

With the tangential in-plane orbital composition of the topological surface state of
BisTesSe and the radial alignment of the p-orbitals in the lower surface state E, in the
surface electronic structure of PbAgs/Ag(111) two different possible in-plane orbital
distributions and their signature in the spectral weight distribution were already
discussed. In both cases the alignment of the p-orbitals is almost purely tangential or
radial. Of course, also a mixing of the orbitals is a possible scenario. In the following
the orbital composition of the conduction band surface state (CBS) of BiTel will be
analyzed. Here, the data indicates a more complicated situation and a larger mixing
of the different in-plane p-orbitals.

The electronic structure of BiTel was measured at the momentum microscope at
the Max Planck institute in Halle with a photon energy of Av = 6 eV. Momentum maps
at E—Efp = —-0.13eV are shown in Fig. 5.5 (a) and (b) for s- and p-polarized light,
respectively. The direction of light incidence was along the k,-axis and at an angle of
O = 8° with respect to the sample surface. The most pronounced structure is a circular
intensity at approximately |k | = 0.15 A_l, which is highlighted by a dashed circle
in (a) that serves as guide to the eyes. This intensity belongs to the lower branch
E .y of the conduction band induced surface state CBS in BiTel. The inner branch
E E p cannot be distinguished, due to a high intensity in the center with an intensity

maximum at k| = OA_I, which presumably stems from bulk bands. The intensity
of the conduction band state, on the other hand, is rather low, making it difficult to
analyze the light-polarization dependent intensity distribution from the momentum
maps alone.

Fig. 5.5 (c) and (d) show momentum distribution curves obtained from the data
displayed in (a) and (b). The exact traces, along which the momentum distribution
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FIGURE 5.5. Photoemission intensity distribution of the conduction
band surface state of BiTel. In (a) and (b) photoemission data ob-
tained with s- and p-polarized light, respectively, and a photon energy of
hv =6¢eV are presented. The direction of light incidence was along the
ky-axis and at an incidence angle of ® = 8°. (c) and (d) show intensity
distribution curves (black lines) obtained from the data sets in (a) and
(b), respectively. The dashed lines in (b) illustrate the cuts through both
momentum maps that are displayed in (c) and (d), with arrows indicat-
ing positive k. Blue and gray curves are Voigt line profiles fitted to the
intensity profiles.
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curves for both s- and p-polarized light were taken, are indicated by dotted arrows
in (b) where the tip of the arrow signifies positive wave vectors k| in (c) and (d).
The obtained momentum distribution curves (black lines in (c¢) and (d)) were fitted
with three Voigt profiles, displayed as blue and gray lines. The high intensity in the
center at |k;| =0 A stems from the bulk conduction band. For all angles this intensity
peak has a shoulder on both sides which can be attributed to the conduction band
surface state. From a comparison of these shoulders, it is possible to determine the
distribution of the photoemission intensity around the conduction band state. It is
important, however, to take notice of the fact that in this case the sample was not
aligned along a high symmetry direction, which might introduce asymmetries to the
measured photoemission intensity distribution.

For s-polarized light (Fiig. 5.5 (c)) the shoulders (light blue Voigt profiles) of the
center peak show a rather symmetric intensity distribution. At closer evaluation the
peak at negative wave vectors |k| < OA_l is slightly more intense for the momentum
distribution curves at 0° and 45°, whereas the two shoulders are almost equal at 90°.
At 135° the shoulder at positive wave vectors seems slightly more intense. If we take
the traces along which the cuts were taken into account, it seems that there might be
a small intensity asymmetry with higher intensity for &, < OA_I.

For p-polarized light the intensity distribution is slightly more asymmetric. For
momentum distribution curves at 0° and 45° the intensity of the shoulder at negative
wave vectors |k < OA_I is significantly higher compared to the shoulder at positive
wave vectors |k | >0 A_l. At 90° the intensity distribution is equal within experimental
accuracy, whereas at 135° the intensity at positive wave vectors is significantly higher.
Here, an enhanced intensity for &, < OA_l is more evident than in the case of s-
polarization.

The absence of clear minima in the photoemission intensity distribution measured
with either p- or s-polarized light indicates that there is no pure tangential or radial
p-orbital distribution but rather a mixing of both. There are p,-orbital contributions
along &, (radial) as well as along k. (tangential), therefore, no clear minimum in
photoemission intensity can be observed for measurements with s-polarized light.

Up to now, the role of the out-of-plane orbital p, was neglected in the discussion.
For p-polarized light however, the contribution of electrons photoemitted from p,-
orbitals is significant, at small angles of light incidence O it can even be considered
predominant. Therefore, the conclusions about the in-plane orbital composition were
carefully drawn from measurements with s-polarization, only, whereas the measure-
ments with p-polarization were only considered as additional support.

All in all the presented analysis in this section is a demonstration of the capability
of photoelectron spectroscopy to disentangle the in-plane orbital composition of the sur-
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face electronic structure of different types of materials. The photoemission signatures
of the topological surface state of BioTesSe as well as the Rashba-type surface state
of BiAgs/Ag(111) and PbAgs/Ag(111) demonstrate that the wave functions contain
in-plane orbitals, which are aligned either tangentially or radially to the state. The
conduction band surface state of BiTel, however, has a mixed in-plane orbital structure.
In the following the same approach will be utilized to gain additional understanding
of the locking between spin and orbital degree of freedom.

5.2 Spin-orbital texture

The results presented in the previous section constitute a striking example of the
possibility to probe the in-plane orbital composition by photoelectron spectroscopy
using linearly polarized light. This method can be extended to a spin-resolved experi-
ment, which then allows to disentangle the spin- and orbital texture of the electronic
states. For a given quantization axis along y the spin-up and spin-down part of the
wave function is coupled to the even and uneven spatial wave function, respectively,
and the initial state can be expressed as |¥;) = |py, 1 (1)) +Ipy,| (1)) +Isp;, 1 (])) as
already stated in a more general fashion at the beginning of the chapter [152]. Since
the uneven and even spatial part of the wave function — in the present example the
py and p, . part — are probed by s- and p-polarized light, respectively, a spin-resolved
photoemission experiment performed with linearly polarized light can give access to
the coupling between spin and orbital degree of freedom. For BiTel the tangentially
and radially aligned in-plane p-orbital structure, which consist of p,- or p,-orbitals
along k,, were shown above to have similar cross sections and, therefore, contribute
equally to the overall photoemission intensity. As a result, the spin structure coupled
to the different orbital structures can efficiently be probed for BiTel, as will be shown
in the following. Furthermore, the spin-orbital texture of the topological surface state
of BigTeaSe will be investigated in the next section. Parts of the data presented in this
section are already published [37].

Fig. 5.6 (a) and (b) show spin-resolved photoemission data of the BiTeI(0001)
conduction band surface state (CBS), measured with the momentum microscope at the
Max Planck institute in Halle. The photon energy was hAv = 6 eV and the sample was
aligned in such a way that the direction of light incidence lies in the mirror plane along
I'M and at an angle of © = 8° with regard to the sample surface. The binding energy
with respect to the Fermi energy is E — Er = —0.11eV and the data was measured
with s-polarized light in (a) and p-polarized light in (b). Red color denotes positive spin
polarization S, >0, where S,||k,, whereas blue signifies a negative spin polarization
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FIGURE 5.6. Orbital resolved spin-texture of the conduction band sur-
face state of BiTel. In (a) and (b) spin-resolved intensity plots of the
conduction band state (CBS) of BiTel at £ — Er = —110meV measured
with s- (a) and p- (b) polarized light are displayed. Light incidence was
along the k,-axis and at an angle of ® = 8°, the photon energy was
hv =6¢eV. Red and blue color signifies the spin polarization S, along the
positive/negative y-axis. Dashed circles serve as guides to the eyes for
the surface state and gray dots mark points k1_4 in k-space that are
discussed in the main text. (c) - (e) show calculated projections of the spin
polarization on the p,-, p,- and p.-orbitals. The in-plane spin polariza-
tion is indicated by gray arrows, while the out-of-plane spin component is
encoded with green for negative and orange for positive spin polarization
+S,.
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S, <0. Dashed circles serve as guides to the eyes for the conduction band state and
gray dots mark points k1_4 in k-space that will be discussed in the following.

The differences with changing light polarization in Fig. 5.7 (a) and (b) are signifi-
cant. The most prominent observation is the almost symmetric distribution between
+S, and —S, for s-polarized light, whereas a rather large asymmetry occurs for p-
polarized light. When considering the points 21 and k9, there is also an apparent spin
reversal. For s-polarized light we measure positive spin polarization at 21 and negative
polarization at kg, while the opposite is the case when p-polarized light is used. Since
with different light polarization different orbitals are probed, these observations in
itself are evidence for a coupling between the spin and orbital degree of freedom.

An interpretation of these observations becomes possible with the help of DFT
ground state calculations which were performed by Sergey Eremeev and published
in reference [37]. They are displayed in Fig. 5.6 (c) to (e). The calculations show the
projection of the total spin polarization S onto the p,-, p,- and p.-orbital in (c), (d) and
(e), respectively. The in-plane spin polarization S, , is displayed as gray arrows, while
the out-of-plane spin polarization is indicated by green and orange color for negative
and positive spin polarization along z. At the points 21 and k9 the projected spin
polarization S, is opposite for the p, .- and the p,-orbital. This is in accordance with
our measurements since p, .- and p,-orbitals can be addressed by p- and s-polarized
light, respectively.

At the points k3 and k4 the photoelectron spin polarization is zero for measure-
ments with s-polarized light. The calculated projection of the spin polarization on the
py-orbital predicts an in-plane spin polarization +S, along x at k3 and k4. Since our
experiment is only sensitive to the spin polarization S, along y this implies an agree-
ment between the measurement performed with s-polarization and the calculated
in-plane spin polarization. On the contrary, for p-polarization the measurement yields
a significant spin polarization S, at k3 and k4. Since the calculated in-plane spin
polarization is parallel to &, for the projections on the p,- and p,-orbitals at k3 and
k4, there is a sharp contrast between ground state calculations and spin polarization
measurements when p-polarized light is used.

The calculated projections to in-plane orbitals can also be examined in terms of
tangentially and radially oriented p-orbitals. The radial p-orbitals, that is the p,-
orbital at points 21 and k2 and the p,-orbital at k3 and k4 show a clockwise spin
chirality, while the tangentially aligned orbitals, namely p, at points 21 and k3 and p,
at k3 and k4 are coupled to an anticlockwise spin-chirality as depicted in Fig. 5.6 (c)-(e).

The same spin- and orbital-resolved experiment was performed on the topological
surface state of BigTesSe(0001). The results are presented in Fig. 5.7 (a) and (b). The
corresponding spin-integrated measurements were already discussed in connection

60



5.2. SPIN-ORBITAL TEXTURE

—~~
QD
~—

(b)
0.2 : hv=6¢eV
. E-Er =-0.05 eV
< 01
< ©
5 oo | i
g | :
> | 0 °
2 2
(5 -0.1 - |
g 01 ‘ %
int. (arb. u.)
-0.2 T T T
02 01 00 01 .
(d) o2 (e)oz (f)  intensity (arb. u)
— R 360
i
<L 0.1 0.1 A
> = T7<I 2701
S o0+ L oo ol e "
o : o 150k - .
g l LR L
o =l ® {
3 014 0.1 gk it
s ' &
S_pOI : : p-pOI 15&1 | |
0.2 ! T T 02 T T T 0.4 0.0 04 08
02 01 00 01 02 02 01 00 01 02 i .
spin polarization
-1 -1
wave vector k, (A) wave vector k, (A)

FIGURE 5.7. Spin-orbital texture of the topological surface state of
BisTesSe. In (a) and (b) Spin-resolved momentum distribution maps
measured at an energy E — Er = —0.05eV are presented. Red and blue
color indicate the spin polarization S, along the positive/negative y-axis
and color strength denotes the photoemission intensity as indicated in
the 2D color scheme in (c). (d) and (e) show corresponding spin-integrated
data sets. The data was obtained with linearly s-polarized (a),(c) and
p-polarized (b),(d) light and a photon energy of Av =6 eV. Light incidence
was parallel to the k,-axis and at an angle of ® = 8°. Dashed circles
serve as guides to the eyes for the T'SS and gray dots indicate points in
k-space which are discussed in detail in the main text. A comparison of
the spin-integrated photoemission intensity (gray markers) and the spin
polarization (black markers) for the data acquired with p-polarized light
is displayed in (f).
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with Fig. 5.2 but are shown once more in Fig. 5.7 (d) and (e) for better comparability
but in a different color scheme. The photon energy was hv = 6 eV and the direction of
light incidence was along %, which is in the mirror plane (M) of the material, and at
an angle of © = 8° with regard to the sample surface. The binding energy with respect
to the Fermi energy is E — Efr = —0.05eV and the data was measured with s-polarized
light in (a) and (d) and p-polarized light in (b) and (e). Red and blue again denotes
the positive and negative spin polarization S, along the y-axis, the color strength
additionally stands for the photoemission intensity. This can be seen in detail in the
2D color scheme in (c¢). Dashed circles serve as guides to the eyes for the topological
surface state and gray dots once more mark selected points £1_4 in k-space.

Analogue to the data on BiTel presented above, the two most prominent observa-
tions concerning a comparison between the spin-resolved measurements with s- and
p-polarized light are an evident reversal of the photoelectron spin polarization with
regard to points k1 and k9 as well as a much higher asymmetry in the data measured
with p-polarized light.

At k1 and k9 the in-plane orbital composition of the topological surface state con-
sists of mainly tangentially aligned orbitals, as discussed in the previous section. The
data presented in Fig. 5.7 (a) reveals a positive (red) spin polarization along S, at k1,
whereas S, is negative (blue) at k2, when measured with s-polarized light. At points
k3 and k4 on the other hand the spin polarization is zero, therefore, no spin component
S, along y can be measured, suggesting a clockwise spin chirality in the tangentially
aligned p-orbitals as expected for a helical spin structure of the surface state. For
measurements with p-polarized light on the other hand, the measured spin polariza-
tion along y is negative at k1 and positive at k9. This can once more be interpreted as
the signature of a reversed spin chirality in the p,- and p,-orbitals as compared to
the p-orbital. The presented experimental data suggests that the topological surface
state of BigTeaSe exhibits a clockwise spin chirality in the tangentially aligned orbitals
and an anticlockwise chirality in the radial plus out-of-plane p-orbitals.

A coupling between the photoelectron spin polarization and the vector field A of the
incoming light is not new, but has already been observed for the case of unpolarized
ground states in early works on the photoelectron spin polarization [33, 35]. It is
now well known and much studied in connection with the topological surface state
of BisSeg [31, 153, 154, 157-159], where a similar photoelectron spin reversal was
observed, when the light polarization was switched from s- to p-polarized. With the
light polarization dependent spin polarization reversal demonstrated here for the
topological surface state of BioTeaSe, which belongs to the same family of topological
insulators as BisSeg, another example of the spin-orbital coupling in topological
surface states is added. Also for Rashba-type electronic states a likewise coupling

62



5.2. SPIN-ORBITAL TEXTURE

between spin and orbital was predicted [29, 160]. Interestingly, for the surface state of
the model Rashba system Au(111) no coupling between the spin and orbital degree
of freedom was found [31, 124], raising the question whether a non trivial topology
might be essential for a spin-orbital coupling to evolve [161]. The data presented
here on the Rashba-split surface electronic structure of BiTel demonstrates, that
a photoelectron spin-texture inversion can arise in materials with large spin-orbit
coupling independent of the topology of the material.

At points k3 and k4 in Fig. 5.7 (a) the spin polarization is zero for s-polarized light
as expected for a helical spin structure. For measurements with p-polarized light,
however, the spin polarization S, is finite and has positive sign at k3 as well as at
k4. The resulting asymmetry in the spin-resolved measurements, which was likewise
observed for the surface state of BiTel, is in principle not forbidden, since the electric
field of the light breaks symmetry with regard to the % ,-axis for p-polarization. The
equal sign of the radial spin component at 23 and k4 on the other hand, is enforced by
the mirror symmetry of the crystal with the mirror plane parallel to the £ ,-axis. The
mirror operation M: y — —y can be expressed as M: k, < —k_,0, — 0,05, — —0y;
[130]. The spin polarization along y thus keeps its sign under mirror transformation,
whereas the sign of the spin polarization along x and z must switch.

While the reason for the equal sign of S, at k3 and k4 is comprehensible from
symmetry arguments, the actual origin of the asymmetry in the measurements is not
immediately clear. A comparison to the spin-integrated data in Fig. 5.7 (d) and (e)
shows that the switch of the spin polarization from positive to negative coincides with
the distribution of photoemission intensity. For the measurements with s-polarized
light the spin polarization goes to zero (Fig. 5.7 (a)) at points k3 and k4 where also the
spin-integrated photoemission intensity is at a minimum (Fig. 5.7 (d)) as expected for
tangentially aligned p-orbitals and a clockwise spin chirality. For measurements with
p-polarized light the spin polarization in Fig. 5.7 (b) appears to switch at approximately
the same points in k-space, where also the largest changes of the photoemission
intensities occur in the spin-integrated measurements shown in Fig. 5.7 (e).

A possible correlation is analyzed in more detail for p-polarized light in (f). Here,
the azimuthal distribution of photoemission intensity around the state at azimuthal
angles from 0° (corresponding to point k£1) to 360° (k1) in clockwise direction is plotted
with gray markers. The same data was shown before in Fig. 5.2 (c). Black dots
additionally signify the measured spin polarization S,, which was extracted from
the spin-resolved data set in (b) by determining the mean spin polarization value
between |k)| =0.09 A" and 0.1247" for angles from 0° to 360°. The standard error
of the mean spin polarization is below 0.03 for all data points. Arrows in (f) point
to the axis of the graph that correspond to the spin polarization and photoemission
intensity, respectively, and the dotted line denotes zero spin polarization but not zero
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photoemission intensity. The spin polarization is zero at 65° and 315°. The slight
offset from a symmetric position with regard to the k,-axis might be due to small
experimental errors for example a small mismatch of the camera position for the
spin detector with respect to the electron detector. At approximately 60° and 300° the
spin-integrated data shows large changes of the photoemission intensity, confirming
a possible correlation between photoelectron spin polarization and spin-integrated
photoemission intensity.

The observed asymmetries occur only, when p-polarized light is used, but equally
for spin-integrated as well as spin-resolved measurements. In the present case, with
p-polarized light, transitions from the p,- as well as the p,-part of the initial state can
occur at the same photon energies and the two corresponding transition channels can
interact with each other. An interference between the two transitions could effect both,
the spin-integrated as well as spin-resolved photoemission intensity. Effects in the
spin polarization caused by interference effects, were already predicted and observed
in early works [84, 85, 100] and are thus not unknown. An interference model, was
also developed for the topological insulator BisSes [157] for two atomic layers and
contributions from different p-orbitals. A more thorough discussion of the origin of
asymmetries in the photoemission data as well as the relation between spin-resolved
and spin-integrated photocurrent will be given at the end of chapter 6.

Whereas the agreement between the spin-resolved measurements and the ground
state calculations in Fig. 5.6 for s-polarized light seems to justify an interpretation
regarding only the initial state spin polarization, the measurements with p-polarized
light already demonstrate, that the photoemission process must be taken into account
for a complete interpretation of the experimental data. Namely the finite spin polar-
ization S, >0 at b, = OA_I for both, BiTel as well as BisTeoSe, disagrees with ground
state calculations and is thus evidence for a deviation between the spin character
in the initial state and the measured photoelectron spin polarization. An additional
indication for such deviation can be found for the conduction band state of BiTel as
summarized in Fig. 5.8.

Fig. 5.8 (a) and (b) show the same measurements as already displayed and dis-
cussed before in association with Fig. 5.6 (a) and (b). The measurements were per-
formed with a photon energy of Av =6 eV and linearly s- and p-polarized light, where
the light incidence was along k£, and at an angle of ® = 8°. The result is compared
with a measurement performed with the He I,-line of a He discharge lamp with
hv =21.2eV and unpolarized light displayed in Fig. 5.8 (c). Here, the light incidence
was at an angle between light beam and sample surface of ® = 22° and at ® = 30° with
regard to the k,-axis. The spin polarization S, along y is displayed in red for positive
and blue for negative spin polarization. In (c) the color scheme additionally encodes the
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FIGURE 5.8. Photon energy dependent spin polarization of the con-
duction band surface state of BiTeI(0001). (a) and (b) show spin
polarization maps at a binding energy of E — Er = —110 meV measured
with Av =6 eV and s- and p-polarized light, respectively. Light incidence
was along k, at an angle of ©® = 8° with respect to the sample surface.
The data in (c) was measured with Av = 21.2eV and unpolarized light
at a binding energy E — Er = —100 meV. Here, light incidence was at an
angle of ©® = 22° with respect to the sample surface and at ® = 30° with
regard to the k,-axis. In the spin-resolved momentum map the upper and
lower branch E E g and E - of the conduction band state are indicated by
dashed circles. The upper panel in (c) displays the spin polarization along
ky for k, = OA_I. (d) shows the 2D color scheme for the spin polarization
map in (c).
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photoemission intensity as described by the 2D color scheme in (d). All measurements
in Fig. 5.8 were carried out at the momentum microscope at the Max Planck institute
in Halle, the different experimental geometries are due to the different position of the
light sources.

One difference between the measurements with Av = 6eV and Av = 21.2eV is

found in the inner branch of the conduction band state E/,,, which is clearly visible for

measurements with Av =21.2eV but is not distinguishaifl;e for hv =6¢€V. This is very
likely due to bulk bands which have a high intensity around the I'-point at Av = 6 eV
as can be seen for instance in Fig. 5.5. Due to the resulting overlap between bulk
and surface state, the upper branch cannot be distinguished and its spin polarization
is not detectable. The data measured with Av = 21.2eV on the other hand, shows
a reversed spin polarization of the lower branch E ., when compared to the upper

branch EZ,B. This can be inferred in detail from the spin polarization plot in the
upper panel in (c), which shows the spin polarization along k&, at &k, = OA_I. The
spin polarization is reversed at approximately +0.08 A_land ky= OA_I. Whereas the
reversal at k, =0 A_l is due to the opposite spin polarization of the state at positive
and negative k,, the polarization switch with higher k&, is proof of the opposite spin
chirality between upper and lower branch of the Rashba-split state, which is expected
for the spin-structure associated with a Rashba-type ground state.

The spin polarization measured with unpolarized light and a photon energy of
hv =21.2¢€V is equal to the spin polarization measured with s-polarized light and
hv =6eV. A meaningful comparison between the measurements with different photon
energies is not straightforward since light polarization as well as the precise experi-
mental geometry differ. However, from Fresnel equations [162], which state that at
a metallic surface s-polarized light is predominantly reflected, whereas p-polarized
light can be transmitted into the surface, one can assume that inside the sample the
light is predominantly p-like for the measurement with Av = 21.2 eV. Under these as-
sumptions, the opposite spin polarization between the measurement with p-polarized
light and with unpolarized light is somewhat surprising, since it suggests a possible
dependence on the photon energy.

In general a photon energy dependence of the spin polarization is possible, if the
photoemission matrix element is taken into account. The up and down spin are coupled
to different parts of the spatial wave function, which can have different photon energy
dependent photoemission cross sections. A dependence of the spin polarization on
photon energy is thus plausible, even if no other parameters of the experimental setup
are changed. In fact, modulations of the photoelectron spin polarization have been
observed before for circularly polarized light [158] and predicted for layered structures
[151, 157]. It must be noted though that here the comparison between different photon
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energies is somewhat unclear, due to the changes in the setup. However, the indication
of a photon energy dependence raises the question, to what extend the photoelectron
spin polarization reflects the initial state spin structure.

In summary, this chapter provides an extensive analysis of the dependence of the
photoemission intensity and spin polarization on the polarization direction of the
incoming radiation. The first part demonstrates that such dependencies can yield
insight into the orbital composition of the electronic states. The in-plane composition
of the involved p-orbitals either consists of orbitals aligned mainly tangentially to
the electronic state as in case of the upper part of the topological surface state of
BiyTeoSe(0001), radially to the electronic state as in the lower Rashba-split band Ej, of
PbAgo/Ag(111) or of a mixture of both in-plane p-orbitals, as found in the conduction
band derived surface state of BiTeI(0001).

The results are used to disentangle the spin-orbital texture of surface states of
both, non-topological as well as topological origin. For both cases a strong dependence
of the photoelectron spin polarization on the light polarization is observed, indicating
a coupling between spin and orbital degree of freedom. Such coupling is, therefore, not
characteristic for topological surface states, only, but appears likewise in materials of
topologically trivial nature under the influence of strong spin-orbit coupling.

The data additionally reveals a non-negligible influence of the photoemission pro-
cess. In particular asymmetries in the spectral distribution for p-polarized light occur,
which might be caused by an interference between different transition channels during
the photoemission process. Finally, the data indicates a photon energy dependence of
the photoelectron spin polarization for the case of the layered material BiTel.

These findings immediately raise the question, how reliable spin-resolved photo-
emission experiments are and which information on the electronic structure is needed
to correctly interpret the measured spin-texture. Is for instance a dependence on
photon energy inherent to BiTel, only, dependent on the layered structure of the
material or more generally observable in spin-orbit coupled materials? The following
chapter is dedicated to developing a broader picture on the measured spin polarization
in different material systems, especially with regard to photon energy dependencies
in the photoelectron spin polarization for materials with different characteristics.
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CHAPTER

SPIN-TEXTURE INVERSIONS IN PHOTOEMISSION —
THE ROLE OF THE PHOTOEMISSION FINAL STATE

The photoelectron spin in a photoemission experiment can vary considerably and
even reverse its sign, when the polarization of the incoming light is changed, as
demonstrated in the previous chapter. Such a reversal is induced by the selective
excitation of electrons from certain parts — namely the even and odd part in the case
of linearly polarized light — of the wave function of the initial state, which are coupled
to different spin structures. The photoemission cross sections associated with the
individual parts of the wave function generally show a dependence on photon energy.
Therefore, also the photoelectron spin polarization can be expected to show variations,
when the photon energy is changed. Indications of a photon energy dependence of
the photoelectron spin polarization were already discussed for the conduction band
surface state of BiTeI(0001), at the end of chapter 5.2.

In order to gain a broader picture of possible changes of the photoelectron spin
polarization with photon energy, a detailed study of photon energy dependencies will
be presented in the following. In particular, the relation to the material type and its
crystal structure will be examined. The first part of this chapter is focused on the
topological surface state of BioTe3(0001), since for the related material BisSe3(0001)
modulations of the photoelectron spin polarization were reported previously [157]. In
the second part the Rashba-split surface state of BiAgs/Ag(111) will be analyzed.

The possible photon energy dependence of the photoelectron spin polarization in
BiTel demonstrates the important role of the photoemission process. To understand
the spin structure inherent to the initial state wave function, one has to be able to
keep apart the initial state spin character and its interplay with the incoming light
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and the final state. Only then it becomes possible to unravel the initial state spin-
texture. To find possible relations between variations of the spin polarization and the
spin-integrated photoemission signal, a thorough analysis of the photoemission cross
section, both, experimentally — by a spin-integrated photoemission experiment — and
theoretically — in form of a simple model — will be presented. If a clear connection
exists, spin-integrated photoemission experiments might already give information on
whether the measured spin polarization is robust and mirrors the initial state spin
properties.

6.1 BisTe; — modulations of the out-of-plane spin

polarization

The topological surface state of BioTe3(0001) exhibits a strong hexagonal deformation
as already described briefly in chapter 4. Close to the Dirac point the shape of the
state is circular, towards smaller binding energies a hexagonal deformation develops
until the shape is star-like with the tips pointing along the I'M-direction [130, 163].
The hexagonal warping can theoretically be described by a third order term in the
Hamiltonian H(k) as derived from & - p theory with [130]

A
(6.1) H(k)=E¢+vp(ky0y—kyoy)+ E(ki +k3)0,.

Here E( = E%/(2m*), where m* is the effective mass and v}, = v(1 + ak?) is the Dirac
velocity. o, , . denotes the Pauli matrices and A is a parameter which scales with the
strength of the warping. The third order term H,, = %(ki +£k3)0, is coupled to the
out-of-plane spin component via o, therefore, the presence of hexagonal warping is
linked to an out-of-plane component S, « < g, > of the spin polarization in the initial
state. Theory predicts this out-of-plane spin polarization to reach up to 60% along T'K,
while it is zero along T'M [130]. If in addition mirror symmetry is taken into account
with the mirror plane along I'M||%k, than the mirror operation M: y — —y demands
[130]:

(6.2) Miy—-y=ki——-k_,0),—>0y,05; = 0y,

which results in a reversal of the in-plane spin component S,, which is oriented
perpendicular to the wave vector &, as well as the out-of-plane spin component S, be-
tween opposite wave vectors +k, along I'K. Taking into account the threefold rotation
symmetry of the crystal, a rotation of the out-of-plane spin polarization from one point
along 'K to the next is required for the ground state spin polarization by symmetry
arguments, whereas the in-plane spin component oriented perpendicular to the wave
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FIGURE 6.1. Hexagonal deformation in the Fermi surface of
BisTes(0001). (a) and (b) show constant energy cuts of the topological
surface state of BigTe3(0001) measured with Av=23eVat E—-Er=0eV
(a) and at E— Er = —0.18¢€V (b) with linearly p-polarized light. In (c)
and (d) the corresponding ARPES spectra along I'M and I'K, respectively,
are displayed. White arrows highlight the topological surface state (T'SS)
and white dashed lines mark the energies at which the constant energy
maps in (a) and (b) are taken. The direction of light incidence for all
measurements was along £, and at an angle ® = 40°.

vector has a helical spin structure.

Fig. 6.1 shows ARPES data sets measured at beamline BL 9A of the Hiroshima
synchrotron radiation center, which illustrate the hexagonal warping of the topological
surface state of BioTe3(0001). Fig. (a) and (b) show cuts through the measured band
structure at constant energies, namely at the Fermi energy E — Er =0eV in (a) and
closer to the Dirac point at E —Er = —0.18 eV in (b). The energetic positions of the cuts
are additionally highlighted by dashed lines in the photoemission intensity plots of
the band structure along TM in (c) and along TK in (d). The data was measured with
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p-polarized light and a photon energy of Av =23 eV. The direction of light incidence
was along I'M at an angle of ® = 40° with regard to the sample surface. The topological
surface state (T'SS) is marked by a white arrow. It shows a pronounced star-like struc-
ture at the Fermi energy (a) and exhibits an almost circular shape at lower energies (b).
At the Fermi energy the bulk conduction band is visible and exhibits a high intensity
and a triangular intensity distribution at the I' point. The topological surface state
has an almost linear dispersion along I'K but shows pronounced deformations along
I'M as evident from Fig. 6.1 (c) and (d). Along I'M a prominent outward bending of the
state is visible. Furthermore, whereas along I'K the band is rather distinct, it becomes
increasingly broad towards the Fermi energy along T'M.

Note that, while the shape of the Fermi surface nicely reproduces the expected
shape from the calculation in reference [130], the deformation is an inwards de-
formation along 'K in the calculation, whereas the experiment shows an outward
deformation along I'M.

Before analyzing possible modulations of the out-of-plane spin component S,
measurements of the tangential spin polarization S, are presented in Fig. 6.2. The
data on BisTe3g(0001) presented here and in the following were obtained at beamlines
BL 9A (c) and BL 9B (a) at the Hiroshima Synchrotron Radiation Center (HiSOR).
At beamline BL 9B the spin polarization of the photoelectrons is detected by a single
channel VLEED-type spin-detector which is sensible to the S, S, and S, component
depending on target magnetization (compare chapter 3 and reference [83]). In all
spin-resolved measurements on BisTes presented in this section, the direction of light
incidence was along %k, and at an angle © = 40° between photon beam and sample
surface. The setup allows to measure spin-resolved energy distribution curves at a
constant emission angle 9, which is regulated by tilting the sample with the rotation
axis parallel to y.

In Fig. 6.2 (a) spin-resolved energy distribution curves measured with p-polarized
light at Av =22 eV in the lower panel and Av = 28 €V in the upper panel are displayed.
The left part of (a) shows measurements at negative wave vectors k£, <0 as indicated
by the blue dotted line in the ARPES data plot in (c), whereas the right side presents
the spin polarization at positive wave vectors &, > 0 (orange line in (c)). The ARPES in-
tensity plot in Fig. 6.2 (c) was measured with a photon energy of v =23 eV and serves
as illustration of the position of the spin-resolved energy distribution curves in (a).
The momentum resolution of the spin-resolved measurement is Ak, < 0.033 A_l as
represented by the light orange and light blue dotted lines in (c¢). The spin-resolved
energy distribution curves presented throughout chapter 6.1 have a comparable angu-
lar and accordingly momentum resolution. The curvature of the energy distribution
curve in k-space, resulting from the conversion from angles 9 to k|, is neglected in
Fig. 6.2 (¢), since it is not relevant for the probed spin polarization close to the Fermi
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FIGURE 6.2. Tangential spin component in the topological surface
state of BiyTe3(0001). (a) shows spin-resolved data sets that were ob-
tained at photon energies of Av = 22eV (lower panel) and Av = 28eV
(upper panel). Red and blue color depict the photoemission intensity of
electrons with positive and negative spin polarization along the y-axis
(tangential spin polarization) as illustrated in the schematic in (b). The
spin-resolved energy distribution curves at positive and negative wave
vectors are taken along the blue and orange dotted line in the spin-
integrated ARPES plot in (c), respectively. Light incidence was along
k. and at an angle of ® = 40° between sample surface and light beam.
Energy and momentum resolution of the spin-resolved measurements
are AE <50meV and Ak, <0.033 A_l, respectively. The momentum reso-
lution is illustrated by thin dashed lines in (c).

energy.

In the spin-resolved energy distribution curves in Fig. 6.2 (a), red and blue color
signify the photoemission intensity of photoelectrons with a spin polarization along
the positive or negative y-axis, respectively. For both photon energies at negative
wave vectors &, < 0 the blue curve, that is spin-down intensity, shows a much higher
intensity than the red curve, therefore, the overall tangential spin polarization S, of
the topological surface state is negative at negative wave vectors. At positive wave
vectors, on the other hand, the spin polarization S, is positive, as can be deduced
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FIGURE 6.3. Out-of-plane spin polarization in the surface electronic
structure of BisTe3(0001). (a) displays the Fermi surface of BisTes
measured with Av = 23 eV and linearly p-polarized light. A theoretical
calculation of the out-of-plane spin polarization in the topological surface
state of BigTe3(0001) as adapted from [163] is presented in (b). (c) shows
spin-resolved energy distribution curves taken at k-points around the
Fermi surface from angles of 0° till 65° as indicated by the gray dotted
lines in (a). Red and blue denote spin-up and spin-down photoemission
intensities. (d) shows a plot of the spin polarization versus azimuthal
angle as derived from the measurements in (c). The energy and momen-
tum resolution of the spin-resolved measurements are AE <50 meV and

Ak <0.033 A_l, respectively.

from the larger intensity of the spin-up photoelectrons (red curve). A schematic of the
tangential spin component is displayed in Fig. 6.2 (b), where arrows illustrate the spin
component aligned tangential to the topological surface state, which is schematically
depicted as a circle. The in-plane spin structure, as expected for the ground state from
first order k- p theory, is chiral. The measured spin components, which are probed in
the experiments, are illustrated by red and blue arrows in (b). The data shown in (a)
is, therefore, in agreement with the initial state expectations.
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As described before, the strong hexagonal deformation of the topological surface
state of BigTe3(0001) suggests the existence of an out-of-plane spin component in the
initial state [130]. Fig. 6.3 shows a systematic measurement of the out-of-plane spin
polarization of the topological surface state of BiaTe3(0001) at different azimuthal
angles, ranging from one point along approximately I'K to the next. Fig. 6.3 (a) once
more shows the Fermi surface, where the star-like feature is the hexagonally deformed
topological surface state. The same data was shown before in Fig. 6.1 (a) and described
in detail. The measurement was performed with a photon energy of hv =23 eV and
p-polarized light. The image is turned by 90° compared to Fig. 6.1 (a) for better
comparison with the data in Fig. 6.3 (b) and (c). Therefore, light incidence was along
the k,-direction at an angle ® = 40° between light beam and sample surface for the
constant energy map in Fig. 6.3 (a). The predicted out-of-plane spin component is
depicted in Fig. 6.3 (b), where a calculation of the Fermi surface of BisTeg(0001)
adapted from reference [163] is displayed. Thereby, the out-of-plane spin component
S, pointing along plus and minus z is decoded in red and blue. The shape of the
calculated Fermi surface nicely corresponds to the measured one. It also demonstrates
the expected switch from positive to negative spin polarization from one to the next
point along T'K as well as a vanishing spin polarization S, along M.

Rotating the sample around its azimuth by angles between 0° and 65°, measure-
ments of the spin polarization in dependence of the crystal direction were performed
as indicated by the white dashed line in (a). The resulting spin-resolved energy distri-
bution curves are displayed in Fig. 6.3 (c), where red and blue are the photoemission
intensities of photoelectrons that carry spin-up or spin-down projected to S, respec-
tively. The respective photon energy was hAv = 23 eV. The azimuthal angle relative to
the crystal direction was determined by Fermi surface mapping at 0°, 5° and 55° and
additionally monitored by a camera image of the sample after each measurement.
Note that the measurements in (a) and (c) were performed at different experimental
setups, namely at beamlines BL 9A and BL 9B at HiSOR, respectively, and, therefore,
on a different sample surface and experimental geometry.

The relative intensities of the spin-up and spin-down photocurrent vary signifi-
cantly with the azimuthal angle. At 0°, which is within 5° of the T'K crystal direction,
the spin-up intensity (red) is considerably higher than the spin-down intensity (blue),
revealing a positive spin polarization along the z-axis. If the sample is turned by
30°, the spin-resolved measurement is performed at a momentum vector along the
I'M-direction. The energy distribution curves at 30° for spin-up and spin-down inten-
sities lie on top of each other, therefore, the spin polarization S, is zero. At the next
momentum vector that lies along 'K at approximately 60°, there is again a finite spin
polarization S, but here the spin-down intensity has higher intensity, implying an
overall negative spin polarization.
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The spin polarization S, as determined from the data in (c) is plotted in Fig. 6.3 (d)
for azimuthal angles from 0° to 65°. At approximately 30°, which corresponds to the
I'M-direction, the spin polarization switches sign from positive to negative values. The
maximum of the spin polarization is found along the I'K-direction and has values of
| +S,| <0.3. The reversal of the out-of-plane spin polarization nicely reproduces the
theoretical predictions for the initial state [130, 163] and is comparable to similar
measurements performed on BisTe3(0001) [164]. A similar out-of-plane rotation of
the spin polarization was for example also observed along I'K, in the Rashba system
TI/Si(111)-(1x 1) [165] as well as in (v3 x v/3)-Au/Ge(111) [166].

At hv = 23 eV the bulk conduction band has a rather high intensity. Therefore,
a possible contribution of the bulk conduction band to the measured spin resolved
photoemission intensities must be taken into account. If the bulk conduction band
is considered to yield photoelectrons that are unpolarized, than a contribution of
the bulk might reduce the absolute value of the spin polarization as compared to a
measurement without photoemission intensity from the conduction band. In such a
scenario the general observation of a spin polarization switch would be trustworthy,
while the absolute values of the spin polarization might be decreased. However, if the
bulk conduction band yields spin polarized photoelectrons, the situation becomes more
complex and the overall observations might be influenced considerably by the bulk
state. Therefore, in order to exclude contributions of the bulk state, for each azimuthal
angle measured, an additional spin-integrated ARPES experiment was performed to
evaluate the exact energy distribution curves along which the spin resolved measure-
ments were performed. This was done for all spin-resolved data shown. From this
careful analysis of the data, it is possible to exclude significant contributions of the
conduction band to the measured spin polarization.

Up to here, the presented experimental results are in line with theoretical predic-
tions for the initial state of the topological surface state of BigTe3(0001). The presented
data confirms that the state has a rather large tangential spin component, which is
robust with varying photon energy, and it exhibits an out-of-plane component that
modulates around the Fermi surface. In the following the spin polarization of the
topological surface state of BioTes will be analyzed under variation of the light polar-
ization, which, as seen before, can effect the measured spin polarization significantly
and can even lead to a reversal of the photoelectron spin as shown in section 5.2.

Fig. 6.4 summarizes the influence of the light polarization on the photoelectron
spin polarization of the topological surface state of BigTe3(0001). In the upper row
spin-resolved energy distribution curves of the tangential spin component S, are
presented, whereas the lower row shows measurements of the out-of-plane component
S,. The data was acquired for negative wave vectors along k,, which corresponds to
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FIGURE 6.4. Dependence of the spin polarization on light polariza-
tion. The spin-resolved energy distribution curves that are displayed
were measured with a photon energy of Av = 26 eV and different light
polarizations. Light incidence was parallel to the k,-axis and at an angle
of ® = 40° with respect to the sample surface. The upper row (a)-(c) shows
the in-plane tangential spin component, whereas the lower row (d)-(f)
illustrates the out-of-plane spin polarization, as depicted in the schema-
tics included in each graph. Red and blue markers signify the respective
spin-up and spin-down photoemission intensities. The light polarization
was tuned from linear in (a) and (d) to positive circular in (b) and (e) and
negative circular in (¢) and (f). The energy and momentum resolution of
the spin-resolved measurements are AE <50 meV and Ak, <0.033 A_l,
respectively.
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the I'K-direction, and at an azimuthal angle of 0° in correspondence to Fig. 6.3. Red
and blue markers again denote the photoemission intensity of spin-up or spin-down
polarized photoelectrons, respectively. The photon energy was Av = 26 eV and the light
polarization was changed from linear p-polarized in (a) and (d) to positive ((b) and (e))
and negative ((c) and (f)) circular polarization. Apart from the light polarization, the
measurement geometry equals that described for Fig. 6.2.

In all three measurements of the tangential spin component, which are displayed
in the upper row of Fig. 6.4, the intensity of spin-down polarized photoelectrons is sig-
nificantly higher than the intensity of spin-up polarized photoelectrons, resulting in an
overall negative tangential spin polarization S,. More precisely, the spin polarization
is approximately S, = —0.88 for linear polarized light, S, = —0.72 for positive circular
polarized light and S, = —0.81 for negative circular polarization as deduced from the
measurements. The small changes in the absolute spin polarization can result from
experimental uncertainties as for example variations of the precise wave vector &, at
which the spin resolved energy distribution curve was measured. Furthermore, the
measurements with linear polarized light but different photon energies, which were
shown and discussed in connection with Fig. 6.2, together with the data shown here
demonstrate that for photon energies of hv =22eV, hv =23eV and hv = 28 eV, the
photoelectron spin polarization projected to the axis oriented tangential to the surface
state is robust with photon energy as well as light polarization.

In the lower row of Fig. 6.4 measurements of the spin component S, along the out-
of-plane axis, performed with linear polarized light in (d), positive circular polarized
light in (e) and negative circular polarized light in (f), are presented. Unlike the
tangential spin component, the out-of-plane spin polarization exhibits an apparent
dependence on light polarization. When measured with linear polarized light, it is
negative and its value can be deduced to S, = —0.15. The spin polarization switches to
a positive value of approximately S, = 0.20, when positive circular light is used, while
it is negative with S, = —0.35 for negative circular polarized light.

That the light polarization can have a huge effect on the measured photoelectron
spin polarization was already described in detail for the case of linear p- or s-polarized
light in chapter 5.2 of this work and is in general well known from earlier works
on BisSe3(0001) [31, 151, 153, 154, 157-159, 167]. The cause can be found in dipole
selection rules that result in a selective excitation of electrons from orbitals of a certain
symmetry, which have particular spin properties, owing to the presence of spin-orbit
coupling. In case of the data shown before, s-polarized light will couple to the uneven
and p-polarized light to the even part of the wave function. Due to this coupling, also
the observed photoelectron spin polarization can vary. Similar dipole selection rules
exist for circular polarized light, which is very likely the reason for the observed switch
of the out-of-plane spin polarization S,.

78



6.1. BIsTE; — MODULATIONS OF THE OUT-OF-PLANE SPIN POLARIZATION

(a)
At T i (b) A Ky
hv=50eV 4, ‘M - /\
A —
A‘A:VW v AA | o
Ay v
W w, L
" -
=}
Wy -
= WV l (c)
< Y v — -
~ A
> Jhv=26ev a‘."‘““ N L .
@ A %) L
g X B c
= » S L
= Rombm- =
A B N _
A A T E
AA A B (@] -
hv=23ev & g i o
A‘V v a -
Ay V‘ L o
A L
T T T |MP 22 23 24 25 26 27 28 29
-0.3 -0.2 -0.1 0.0 photon energy hv (eV)
E-E (eV)

FIGURE 6.5. Photon energy dependent photoelectron spin polariza-
tion. (a) shows spin-resolved energy distribution curves measured with
p-polarized light and different photon energies (Av = 23 eV, 26eV and
50 eV). The light was incident along the % ,-axis parallel to 'K and at an
angle of © = 40° with regard to the sample surface. Red and blue markers
indicate the spin-up and spin-down photoemission intensity. The mea-
sured spin component S, is oriented along the out-of-plane (z-) axis as
indicated in (b). The maximum of the spin polarization as deduced from
spin resolved energy distribution curves over a wider range of photon
energies is plotted in (c). The resolution of the spin-resolved measurement

is AE <50meV and Ak, <0.033A .

The out-of-plane spin polarization measured with linear p-polarized light is nega-
tive in Fig. 6.4 (d), where the photon energy is hv = 26 eV and the sample is aligned
with 'K along k.. Earlier in this chapter, in connection with Fig. 6.3, measurements
with a photon energy of Av = 23 eV were presented, where the spin polarization S,
is positive for azimuthal angles of 0° and, therefore, for the same sample alignment.
This suggests a reversal of the out-of-plane spin polarization with photon energy. The
spin-resolved energy distribution curves measured with Av =23eV and Av =26 eV are
displayed once more in Fig. 6.5 (a), together with a spin-resolved data set obtained
with Av =50 eV. The measurements were performed at negative wave vectors k, along
I'K as indicated in the schematic in (b).

Evidently, the out-of-plane spin polarization of the measured photoelectrons shows
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a sign switch between hv = 23eV and Av = 26eV and is reversed once more for
hv =50¢eV. To gain a more detailed understanding of the dependence of the photoelec-
tron spin polarization on photon energy, the measured out-of-plane spin polarization
is plotted for photon energies between Av =22eV and hv =28 €V in Fig. 6.5 (¢). In the
measured photon energy range the spin polarization exhibits an almost sinusoidal
variation with a sign switch between hv =24 eV and hv =25 eV and at least one more
sign switch at or above hAv = 28 eV. The maxima of the absolute spin polarization
amount to approximately |S;| = 0.2 and can be found for Av =23 eV and hv =26 eV.
The photoelectron spin polarization was not measured in the presented experiment for
photon energies between hv =28 eV and Av = 50 eV, therefore, while there must be at
least one more sign switch to positive spin polarization, it is not possible to ascertain,
whether the spin polarization continues to modulate or becomes more robust with
higher photon energies.

In principle, a photon energy dependence as observed here can occur under the
influence of spin-orbit coupling, when the different spin parts of the wave function
couple to different spatial parts of the wave function, which have a photon energy
dependent photoemission cross section. In order to gain an understanding of the
magnitude of variations of the cross sections with different photon energies it can
be of interest to investigate possible variations in the spin-integrated photoemission
intensities.

The influence of the photon energy on the photoemission cross section is illumi-
nated in Fig. 6.6, which shows a comparison of the Fermi surface of BisTeg(0001)
measured with two different photon energies, namely Av =23 eV in (a) and Av = 28 eV
in (b). The data shown in (a) was discussed before in connection with Figs. 6.1 and
6.3, the data in Fig. 6.6 (b) was acquired at the same experimental setup and sample
alignment. Light incidence was along the k,-axis, which is aligned parallel to T'K, and
the light was p-polarized. In both measurements the star-like intensity distribution of
the topological surface state is clearly visible. It is additionally highlighted by dashed
white lines, which serve as guides to the eyes. Furthermore, the tips of the star are
marked with dots and labeled %1 to kg to simplify the following discussion.

The intensity distribution is approximately sixfold for Av = 23 eV in Fig. 6.6 (a),
whereas in (b) a threefold modulation of the intensity is predominant. More precisely,
at the tips of the star-like structure at points k7 to kg the intensity is always at
a minimum in (a). For a photon energy of Av = 28V on the other hand at points
k1, k3 and k5 (blue dots) the photoemission intensity is high, at points k9, k4 and
ke (gray dots), however, there is much less intensity and the tips of the star are
indistinguishable. Therefore, the symmetry of the intensity distribution switches from
sixfold to threefold, when the photon energy is changed.

The threefold symmetry in Fig. 6.6 (b) mirrors the threefold symmetry of the out-of-
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FIGURE 6.6. Photon energy dependent photoemission intensity dis-
tribution. Fermi surface maps of BigTe3(0001) are displayed for a photon
energy of hv =23¢eV in (a) and Av =28 €V in (b). In both cases p-polarized
light was used. The direction of light incidence was along %k, at an angle
of ® = 40° between incoming light and sample surface. The topological
surface state (T'SS) and bulk conduction band (BCB) are labeled and
marked by arrows, the TSS is additionally highlighted by dashed lines
that serve as guides to the eyes. The vertices of the hexagonally deformed
TSS are labeled %1_¢ and marked by gray and and blue dots to highlight
the threefold and sixfold photoemission intensity distribution.

plane spin polarization. The dependence of the intensity distribution on photon energy
might, therefore, be closely connected to the changes in the observed spin polarization.
If at hv =23eV and hv =28 eV different spatial parts of the wave function dominate
the photocurrent, leading to a threefold or sixfold symmetry at the two different pho-
ton energies, respectively, and these two wave functions are coupled to opposite spin,
the observed variations of spin-resolved and spin-integrated photoemission signals
might have the same origin.

In the case of the topological insulator BisSe3(0001), a detailed investigation of
the spin polarization and its photon energy dependence was performed in references
[151, 157]. Thereby, for an experimental alignment equal to the presented case, radial
components as well as a photon energy dependence of the measured spin polarization
were observed when p-polarized light was used. The measured spin polarization vari-
ations with photon energy were explained by the layer dependent orbital structure
of the material and a consequential interference between electrons from different
layers and orbitals [151]. The observed photon energy dependence was explained in
the framework of this model by a %,-dependent term which accounts for the different
optical paths for photoelectrons from different atomic layers [151, 157, 168]. This

81



CHAPTER 6. SPIN-TEXTURE INVERSIONS IN PHOTOEMISSION — THE ROLE
OF THE PHOTOEMISSION FINAL STATE

proposed interference model is, therefore, only valid for materials that exhibit a lay-
ered structure with a layer dependent orbital composition as found in the topological
insulator BigSeg, but also in the material BigTeg investigated here. It is thus possible
that the photon energy dependence of the out-of-plane spin component described in
the present chapter has a similar origin.

However, as an immediate implication of a layer dependent interference model as
introduced in reference [151, 157, 168], which explains photon energy dependencies of
the spin polarization solely by a depth dependence, similar spin polarization effects
should not appear in case of a simpler quasi two-dimensional structure. Therefore,
to understand the cause of the spin polarization reversal, it is useful, to expand the
investigation to different material types. Up to here, the spin polarization was in fact
only analyzed for layered materials. In the following, the discussion will be extended
to materials with a simpler two-dimensional structure.

6.2 BiAg,/Ag(111) — Photon energy dependence in
spin-resolved and spin-integrated

photoemission

The presented experiments on the spin-resolved electronic structure of BigTe3(0001)
reveal considerable photon energy dependent variations of the photoelectron spin
polarization. According to [157], similar changes appear in the isostructural topologi-
cal insulator BiaSe3(0001) as a result of the layer-dependent orbital structure, which
can lead to interference effects between electrons from different atomic layers and
orbitals. The layer-interference model as introduced in reference [157] is exclusively
valid, when at least two layers with different spin- and orbital textures take part in
the photoemission process. Whether a layered structure is indeed required to observe
spin polarization reversals can be investigated, if an interference of the spin-orbital
textures from different layers can be excluded, as for instance in a material with
strictly two-dimensional electronic states and, ideally, a simple orbital structure. Sur-
face alloys like BiAgo/Ag(111) and PbAgya/Ag(111) fulfill such conditions and are thus
ideal materials for a case study of the photon energy dependent photoelectron spin
polarization of a quasi two-dimensional electron gas. Consequently, spin-resolved
photoemission experiments on the surface states of BiAge/Ag(111) and PbAge/Ag(111)
will be presented in the following.
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FIGURE 6.7. Rashba-type spin-splitting in BiAgy/Ag(111). In (a) the

angle-resolved photoemission intensity along the TK-direction of the
surface electronic structure of BiAgs/Ag(111) is displayed. It was mea-
sured with p-polarized light and a photon energy of Av = 29 eV. Yellow
arrows and dashed lines mark the approximate positions k1_4, where
the spin-resolved energy distribution curves shown in (¢) were measured.
The spin-resolved data was obtained with a photon energy of Av =30eV
and along &, as schematically shown in (b). For all measurements the
direction of light incidence was along %, which corresponds to T'K for
the spin-integrated data in (a) and to I'M for the spin-resolved data in
(b) and (c) and at an angle of 17° with respect to the sample surface.
The energy and angular resolution of the spin-resolved measurement is
approximately AE = 50meV and A9 = 3°, respectively.
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Spin-resolved photoelectron spectroscopy on the surface electronic structure of
BiAgo/Ag(111) was performed at beamline 13 at Max-laboratories in Lund employing
a single channel Mott-type spin detector. As an example, spin-resolved measurements
of the tangential spin component of the surface state E; of BiAgs are presented
in Fig. 6.7. The spin-resolved data was acquired with p-polarized light at a photon
energy of Av = 30eV and light incidence along k., and at an angle © = 17° with
respect to the sample surface. The energy and angular resolution of the spin-resolved
experiments shown here and in the following is approximately AE = 50 meV and
A9 = 3°, respectively. The sample was aligned with I'M along the x-axis. In order to
investigate the tangential spin polarization at a particular wave vector along I'K, the
sample had to be tilted by up to 5° around the rotation axis x and the photoelectron
spin polarization S, parallel to the k,-axis was measured. Fig. 6.7 (b) schematically
illustrates the tangentially aligned chiral spin structures (arrows) of the upper and
lower branch E}:/ ~ of the Rashba-split state as expected from the Rashba-Bychkov
model. The spin components at the approximate positions in k-space that were actually
measured in the experiment are especially highlighted by red and blue arrows. The
resulting spin-resolved data is presented in Fig. 6.7 (c) for four different wave vectors
k1-4, which are indicated by yellow arrows and dashed lines in the band structure
along 'K in Fig. 6.7 (a). The spin-resolved energy distribution curves show two peaks,
which correspond to the upper and lower branch E] and E, respectively. For negative
wave vectors k1 and kg the intensity of spin-down electrons (blue markers) dominates
for the upper branch E}, which constitutes the peak closer to the Fermi energy
E —Efp =0eV. For the lower branch E;, on the other hand, the overall photoemission
intensity stems predominately from spin-up electrons (red markers). For positive wave
vectors k3 and k4 the situation is reversed and the spin polarization S, is positive
(spin-up) for the upper branch E; and negative (spin-down) for the lower branch E; .
The measured spin polarization thus reflects the spin-splitting expected for the surface
state from a simple Rashba model.

When the photon energy is changed, however, the tangential spin polarization
changes significantly. This is demonstrated in Fig 6.8, where spin-resolved energy
distribution curves measured along T'K are displayed in (a) for positive wave vectors
k, <0 and photon energies of Av =20¢eV, 22eV, 24 eV, 26 eV and 30 eV. As before, the
red and blue markers indicate the intensity of electrons with spin-up or spin-down
projected to the tangential component. Each energy distribution curve shows two
peaks, which correspond to the upper and lower branch of the surface state E;,. The
peak closer to the Fermi energy is the upper branch E;, whereas the one at lower
energies K — Er stems from the lower branch E; . The data was acquired at slightly
different wave vectors k,, which leads to varying peak positions for the different
energies. The approximate momentum vectors for each measurement are marked in
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FIGURE 6.8. Photon energy dependent spin polarization in
BiAgy/Ag(111). (a) shows spin-resolved energy distribution curves
measured at different photon energies and at positive wave vectors as
indicated by dotted lines in the schematic in (b). For the spin-resolved
measurements the sample was tilted by 2-5° and the spin component S,
at wave vectors k£, was measured. Light incidence was along &, and at an
angle of ® = 17° between light beam and sample surface. The measured
spin polarization in dependence of the photon energy is summarized
in (c) for the upper branch E; (red markers) and the lower branch
E; (blue markers). The resolution of the spin-resolved experiment is
approximately AE =50meV and A9 = 3°.

the schematic of the two bands in Fig. 6.8 (b) by colored arrows and dotted lines. Here,
blue and red signify the expected opposite spin polarization aligned tangentially to
the state.

The photon energy dependence of the spin polarization of the upper branch E;
can be inferred from the peak closer to the Fermi level. At Av =20V it shows a clear
dominance of photoelectrons with a negative spin polarization S,, as can be deduced
from the fact that the blue curve has a significantly higher intensity than the red
curve. For Av =22 eV, however, the tangential spin polarization of the upper branch
is positive, since the intensity is higher for the spin-up photoelectron intensity (red).
The situation is reversed once more at Av = 26 eV, where the spin polarization S, is
again negative. It remains negative up to Av =30eV.

The lower branch E; shows a similar spin polarization reversal, here, however, it
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occurs at different photon energies. More precisely, the spin polarization of the lower
branch is positive for hv =20eV, hv =22eV as well as for Av = 30eV and negative
for hv =24 ¢eV. For a photon energy of ~v =26 eV the overall spin polarization of the
photoelectrons from the lower branch is close to zero, since it has the same intensity
for both, the photoemission intensity of electrons with spin-down with respect to S,
as well as the photoemission intensity from spin-up electrons.

A quantitative analysis of the photoelectron spin polarization is shown in Fig. 6.8 (c),
which summarizes the spin polarization dependence on photon energy. The spin po-
larization of the upper branch E7 is displayed in red, while the spin polarization of
the lower branch E; is shown in blue. Apparently, for both branches a sign switch of
the tangential spin polarization occurs, as seen already in (a). The first photoelectron
spin reversal takes place between hv =20eV and 22 eV for the upper branch E7 (red)
and between hv =22eV and hv =24 eV for the lower branch E; . For both branches
the spin polarization switches back between hv = 24eV and hv = 26 eV. Thus, the
spin polarization reversal occurs at different photon energies for the two branches of
the surface state. At hv =22 eV they even show an equal sign of the tangential spin
polarization of the photoelectrons. At the wave vectors, where the spin polarization
was measured, the upper surface state E; could in principle contribute to the mea-
sured spin polarization of the branch E7. The spin polarization data from the lower
branch E; , however, demonstrates that a spin reversal happens independent of the
influence of the second surface state. The spin-resolved experiment, therefore, reveals
a significant dependence of the photoelectron spin polarization on photon energy for
the surface state E7..

Unlike the case of the topological surface state of the layered topological insulator
BisTe3(0001), the spin polarization reversal in the band structure of BiAge/Ag(111)
can not be explained by a layer dependent orbital structure of the material. This
immediately implies that a dependence of the photoelectron spin polarization on pho-
ton energy is not specific for layered materials or topological insulators but a more
general effect. It also demonstrates that the measured spin does not directly mirror
the initial state spin polarization, but varies due to the photoemission process, which
obviously plays a non-negligible role. In general, a photon energy dependence of the
measured spin polarization can be explained by a photon energy dependence of the
photoemission cross section. More precisely, if a different spin-structure couples to
different parts of the spatial wave function with different photon energy dependent
cross sections, also the measured spin polarization can depend on the photon energy.
This was already shortly discussed for the topological surface state of BioTe3(0001),
where the spin polarization reversal observed in the out-of-plane spin S, of the photo-
electrons was found to be accompanied by variations of the photoemission intensity.
These intensity modulations can be interpreted as direct signature of the photon
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energy dependence of the photoemission cross section. Therefore, to understand the
origin of the observed photoelectron spin polarization reversals in both materials, it
can be helpful to investigate the dependence on photon energy of the spin-integrated
photoemission intensity. In the following, a thorough examination of the photocurrent
from the surface states of BiAgo/Ag(111) will be presented.
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FIGURE 6.9. Photon energy dependent intensity distribution in the
surface bands of BiAgy/Ag(111). ARPES intensity plots were mea-
sured at different photon energies: hv =18¢eV in (a), 30eV in (b), 22eV
in (c) and 26 eV in (d). The light was p-polarized and light incidence was
along k, at an angle of ©® = 17° with respect to the sample surface. The
two branches of the Rashba-split surface state E; and E; of the occupied
band are marked by arrows. The red and blue parabolic lines in (a) serve
as guides to the eyes and indicate the relative spin polarizations as ex-
pected from a simple Rashba model. Dashed lines indicate the dispersion
of the upper surface state Ey;.

In order to investigate the dependence of the photoemission cross section on
photon energy, ARPES was performed for different photon energies. The complete
set of measurements taken along I'M covers all (integer) photon energies between
hv =16eV and hv = 31eV. A subset of the measurements is displayed in Fig. 6.9,
namely for photon energies of v =18eV in (a), 30eV in (b), 22eV in (c) and 26 eV in
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(d). These energies cover the complete energy range, in which modulations of the spin
polarization were observed. In (a) and (b) the situation for photon energies below and
above the photoelectron spin reversal are shown. The main feature in the measured
spectral function is the surface state E1, which is clearly distinguishable in the band
structure, indicated by solid lines in (a), and labeled with E; and E; for the upper
and lower branch. In addition, part of the unoccupied band Ey; is visible and marked
by dashed lines in (a).

Both measurements in (a) and (b), the one below the spin polarization reversal at
hv =18¢eV as well as the one above it with Av = 30 eV, show a more or less symmetric
intensity distribution. Close to the photon energies, at which the spin polarization
of the photoelectrons undergoes a reversal, however, the photoemission intensity
distribution is rather asymmetric as can be seen in the ARPES intensity plots in (c)
and (d), where photon energies of Av =22eV and hv = 26 eV were used. The band
E7, can be described as two parabolas, which are shifted in momentum with respect
to each other. In Fig. 6.9 (a) this is indicated by the two parabolic lines, which are
plotted on top of the ARPES data. Blue and red signify opposite spin character with
respect to the tangential spin component as expected from a simple Rashba model. For
a photon energy of Av =22 eV in (c) the left parabolic band has high intensity, while
the right parabola has almost zero photoemission intensity. Interestingly, also for the
band above the Fermi energy, the photoemission intensity of the branch E7; is high
at positive wave vectors but goes to zero at negative wave vectors k. For hv =26 eV
in (d), on the other hand, the photoemission intensity of the band E7, is high for the
right parabola but goes to zero for the left one. Again for the upper band E;, a similar
asymmetry of the intensity distribution can be observed, where the left part of the
lower branch of E; is clearly observed, whereas the right part shows no intensity.
The photoemission intensity distribution thus varies significantly in the energy range
between Av = 18 eV and ~Av = 30 eV, where also significant changes of the photoelectron
spin polarization arise.

A quantitative analysis of the photon energy dependence of the photoemission
intensity is presented in Fig 6.10. From ARPES measurements performed at different
photon energies, energy distribution curves at equal wave vectors were extracted.
As an example the resulting intensity distributions at &, = —0.05 A_l are displayed
in (a). In Fig. 6.10 (b), which shows an ARPES intensity plot along I'M measured
with a photon energy of 2Av = 30 eV and p-polarized light, the position of the energy
distribution curves is indicated by a black dotted line that intersects the two branches
of the surface state. The red and blue dashed parabolas serve as guides to the eyes
for the two branches of the state with opposite tangentially aligned intrinsic spin
character.

The resulting energy distribution curves are shown as black lines in (a) for photon
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FIGURE 6.10. Quantitative analysis of the photon energy dependent
photocurrent. (a) shows energy distribution curves obtained at a con-
stant wave vector £, = —0.05 A_l for photon energies between Av =19eV
and 28 eV. The position of the energy distribution curves is illustrated
by the black dotted line in the ARPES intensity plot in (b), which was
measured at a photon energy of Av = 30 eV. The light blue curves in (a)
shown exemplarily for Av = 28 eV are Voigt line profiles fitted to the ex-
perimental data (black curves), the Fermi-Dirac distribution is shown in
gray, the sum of the fits in blue. Intensities extracted from the Voigt line
profiles are plotted for the upper (blue markers) and lower (red markers)
branch in (c). The data was measured with light incidence along %k, and
at an angle ©® = 17° with respect to the sample surface.

energies between Av =19eV and hAv =28¢eV, covering the photon energy range, where
the strong intensity modulations take place. Two intensity peaks are distinctively
visible for instance for a photon energy of Av = 28 eV. The peak closer to the Fermi
energy stems from the upper branch E7, the second peak at approximately E —Ep =
—0.6eV stems from the lower branch E; of the Rashba-split band. Since the two
branches have opposite spin character, the two peaks are marked by a blue (upper
branch E7) and red (lower branch E;) triangle and will for now be termed

"

spin-
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"

down'"’- and "‘spin-up'’- signal for convenience. With decreasing photon energies the
intensity distribution of the two peaks changes significantly. At ~Av = 26 eV, for instance,
the upper branch EZ has very low intensity, whereas at hv =22 eV the signal from
the lower branch E; is indistinguishable. This confirms the intensity variations with
photon energy in the ARPES intensity plots, which were described above.

In order to extract the photoemission intensities the energy distribution curves
were normalized at energies E — Er =~ —1.5eV, where no significant intensity from
the band structure is visible. The curves can be described by two Voigt line profiles
and a Fermi-Dirac distribution with linear background. For the data taken with
hv =28¢eV the resulting Voigt line profiles are plotted as light blue lines, the Fermi-
Dirac distribution is displayed in gray and the sum of the fit is shown as dark blue line.
The peak intensities were extracted from the Voigt peak areas for photon energies
between Av = 16eV and hv = 30eV and are displayed in Fig. 6.10 (c). Two main
observations can be made from the photon energy dependence of the intensities. The
first one, as already seen and described in connection with the data before, is an
apparent shift between the overall behavior of the intensities with photon energy of

"¢

the "spin-up'’- and "‘spin-down'’-branch. This is primarily visible in the positions of
the intensity minima which lie at Av =22¢eV and hv = 26 eV for the lower and upper
branch, respectively. The second observation is the fact that the intensity actually
goes to zero, demonstrating a complete suppression of the photoemission intensity.

The different photoemission intensities at positive and negative wave vectors can
be interpreted as a signature of a k-dependence of the photoemission cross section.
To analyze this dependence more thoroughly, the measured intensity modulations
are shown for the lower branch E; of the occupied Rashba-split surface state in
Fig. 6.11 for different wave vectors k,. The intensities were extracted from Voigt line
profiles fitted to energy distribution curves in the same manner as described above
in connection with Fig. 6.10. The different colors indicate different wave vectors &,
between |k,| = OA_l and |k,| = 0.2 A_l as labeled above the graph. For each wave
vector the analysis of the peak intensities was performed for photon energies between
hv =16¢eV and hv = 30 eV. The resulting intensity vs photon energy curves are plotted
separately for negative and positive wave vectors in (a) and (b), respectively.

From a first glance, one can say that the intensity distributions show the overall
same trend in the photon energy dependence for all negative wave vectors displayed in
(a). The same can be said, considered separately, for all positive wave vectors in (b). For
negative wave vectors one local intensity minimum appears at Av =~ 22 eV as mentioned
several times before. But also at Av = 29eV a second local intensity minimum is
found. Whereas the overall trend of the photon energy dependence is the same, small
differences appear with varying wave vectors. With decreasing absolute wave vector
|kx| the minimum at Av = 29 eV is positioned at decreasing photon energies hAv. At
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FIGURE 6.11. Dependence of the photocurrent on the wave vector. (a)
and (b) display photoemission intensity distributions in dependence of
the photon energy hv. The photoemission intensities were extracted from
ARPES data sets measured with light incidence parallel to k2, and at an
angle ® = 17° with respect to the sample surface. The intensities were
determined from Voigt line profiles at photon energies from hAv = 16 eV
to hv = 30 eV. The different colors represent different wave vectors k&,

e -1
between k£, = +0.20 A . In (a) intensities at negative wave vectors are
displayed, while (b) shows the intensities at positive wave vectors. This is
illustrated by the inset on top of the graphs.

the same time the minimum intensity increases at smaller wave vectors |k,|. The
second intensity minimum at Av = 22 eV similarly becomes slightly less pronounced
at smaller absolute wave vectors, namely between &, > —0.05 A_land k. <0, but has
zero intensity for wave vectors k£, < —0.05 A

The photoemission intensities in dependence of photon energy for positive wave
vectors show only one distinct minimum, which is found at approximately Av =27 eV.
For all positive wave vectors k£, > 0 that were analyzed the intensity goes to zero,
indicating a complete extinction of the branch at certain photon energies. Again,
small changes of the overall intensity distribution at different wave vectors can be
found, apparent for instance in an increase in intensity with increasing wave vector
at hv=20eV.
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A quite interesting case is the situation at the I' point (¢, = 0). The intensity
distribution at £, = 0 is displayed with gray lines and hollow dots in (a) as well as (b).
Clearly the intensity never drops to zero at k, = 0, thus, there is no extinction of both
branches at the same photon energy at I'. Moreover, for photon energies, where either
the spin-up or the spin-down branch becomes zero, the intensity at £, = 0 roughly
equals the intensity of the respective opposite branch at small absolute wave vectors
|kx|. It thus seems that the spin-up or spin-down parabola are extinguished separately.
This observation is quite interesting, since at the high symmetry point % =T there is
no immediate reason, why the two branches should behave differently. At the I point
the surface state is spin degenerate, therefore, the two branches with E(k,,1) and
E(-k4,|) have the same binding energy and wave vector E(k, =0,1)=E(-k,=0,]).
They still differ in their intrinsic spin polarization, implying that the spin might play
a role in the selective extinction of the two branches.
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FIGURE 6.12. Dependence of the photoemission intensity on experi-
mental conditions. ARPES intensity plots with different sample ori-
entation as well as light polarization are shown. The data was acquired
with a photon energy of Av = 26 €V and linear p-polarization in (a) as well
as (b) and linear s-polarized light in (c). The direction of light incidence
was along the k,-direction and at an angle of ® = 17° between sample
surface and photon beam. In (a) and (c) the sample was aligned with the
I'M-direction along %,, whereas in (b) the sample was rotated around its
azimuth by 90°, so that the 'K-direction was aligned with %,. Arrows
mark the two branches E* of the state E, in black and the state Ey in
blue.

Before discussing possible origins of the observed photon energy dependence, it
is worthwhile to take a look at the influence of the exact experimental conditions, in
particular the light polarization and sample alignment. To this end, three spectra
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measured with a photon energy of Av = 26 eV but slight changes in the measure-
ment geometry are presented in Fig. 6.12. In (a) the same data as already shown
in Fig. 6.9 (d) is displayed. For the measurement in (b) the sample was rotated by
90° around its azimuth. Therefore, in (a) the sample was oriented with I'M along %,
whereas in (b) the I'K-direction lies along %,. The light was p-polarized in both cases.

The photoemission intensity distribution of the two ARPES data sets is nearly
the same. Independent of the crystal direction the right parabola shows enhanced
intensity compared to the left one. Also for the upper state E; only the left branch
is visible. The observed intensity asymmetries are thus independent of the crystal
direction and it is valid to assume a more or less isotropic band structure concerning
the observed asymmetry effect.

The ARPES data plot shown in (c) was again measured at a crystal oriented
with TM along k., equal to the data in (a). The light polarization, however, was
changed from p-polarized in (a) to s-polarized in (c). Clearly, when measured with
s-polarized light, the photoemission intensity distribution is completely symmetric,
and the asymmetry effect can only be observed with p-polarized light. In fact, the
relation between the orientation of the vector field A of the incoming radiation and
the mirror plane does not allow an asymmetric distribution of the spectral weight for
s-polarization, since the overall symmetry is not broken.

In summary, we observe an asymmetric distribution of the photoemission intensity
of the surface band structure of BiAgo/Ag(111), which strongly depends on photon
energy hv. The asymmetry seems to favor either bands of nominally spin-up character
+S, or spin-down character —S,, depending on photon energy, but almost disappears
for photon energies below Av = 18 eV and above hv = 29 eV. The different behavior of
spin-up and spin-down branch manifests itself in a dependence of the photoemission
intensity on the wave vector &,. The observed asymmetries occur along T'K as well as
I'M albeit for p-polarized light, only. In the same photon energy range a reversal of
the photoelectron spin polarization S, measured at wave vectors k, # 0 along £, =0
can be observed.

A dependence of the photoemission intensity on photon energy is often explained
in a hand-waving manner by effects from the photoemission matrix element Dy ;,
given by the relationship Ipgs o< [Dy; 12.5(E f—E;—hv). Matrix element effects are
known to lead to strong variations and possibly even a complete suppression of the
photoemission intensity [108, 169—171]. The matrix element depends on the experi-
mental geometry, since it contains the vector field A of the light and the momentum
operator p, and is responsible for the photon energy dependence of the photocurrent,
due to the structure of the final state wave function. Very often, the final state is
considered as a simple free electron wave. This, however, is not sufficient to explain
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the experimental observations. A more successful theoretical approach is in many
cases the treatment of the photoemission final state as time reversed LEED state
according to the one-step formalism of photoemission [105, 172]. Calculations of the
band structure of Ag(111) by an approach that considers LEED states reveal for
example a structure, which deviates from a free electron state [173]. Interestingly,
the calculated band structure of Ag(111) from such a LEED approach exhibits a band
gap at energies around E =21eV [173]. A similar energy gap in the final state band
structure might result in a suppression of the intensity as observed in the presented
data on BiAgo/Ag(111).

The origin of the photon energy dependence of the photoemission data observed
here is, therefore, very likely due to the final state band structure of BiAgo/Ag(111).
It is desirable, however, to understand the variations in more detail in order to gain
insight into a possible connection to the photoelectron spin. Such a relation is indicated
by the observed photoelectron spin reversals as well as the exclusive extinction of only
one branch at particular photon energies. A likewise suppression of only one branch
of an intrinsically spin polarized electronic state has for instance been reported for
graphene, where it is known as dark corridor [174]. Similar to our observations, the
disappearance of one branch of the Dirac state in graphene is always observed for
p-polarized light, whereas when s-polarized light is used, it appears only for certain
photon energies [174]. The selective suppression in graphene was explained by an
interference effect between the photoemission from the two atoms in each graphene
unit cell [174, 175].

Interference between different photoemission channels can in general lead to
a strong variation of the photoemission intensity. One example is the interference
between the photoexcitation of a core electron into a state higher in energy and subse-
quent emission of an Auger electron, and the direct photoemission from the valence
band. Such an interference between transitions from the same initial to the same final
state can lead to a strong resonant enhancement of the photoemission intensity at pho-
ton energies close to the binding energies of the involved core levels, often accompanied
by a dip in the intensity at slightly lower photon energies [176—178]. Interestingly, the
observed intensity dips for the spin-up and spin-down branch occur close to the core
level binding energies of Bi 5d5/9 and Bi 5dg/9, indicating the possibility of a resonance
effect in the present case. To exclude such a scenario, it is convenient to investigate
structurally similar materials, where no Bi is involved. Therefore, a photon energy
dependent study of the photoemission intensity from the surface electronic structure
of PbAge/Ag(111) was performed.

In Fig. 6.13 a comparison of the photon energy dependent photoemission intensity
from the surface states of PbAgo/Ag(111) and BiAge/Ag(111) is shown. The two sur-
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FIGURE 6.13. Comparison of the band structure of BiAgs/Ag(111) and
PbAg,/Ag(111). (a)-(d) show photon energy dependent ARPES intensity
plots of PbAge/Ag(111) (i.) and BiAgo/Ag(111) (ii.). The photon energies
in the measurements shown were hv = 18¢eV, 22eV, 26eV and 30eV.
The data was measured with p-polarized light and light incidence along
k. with the sample aligned with TM along k.. The angle between the
incident light and sample surface was © = 17° for BiAgy/Ag(111) and
© =40° for PbAgo/Ag(111). Blue and black arrows mark the upper Ez—"]
and lower E;—: surface states, respectively.
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face alloys have a similar crystal structure and develop an equivalent surface band
structure, so that a comparison of the surface states is reasonable. On the left part
of Fig. 6.13 (i.) ARPES intensity plots measured on PbAge/Ag(111) are displayed for
photon energies of hv =18¢V, 22¢€V, 26 eV and 30 ¢€V. In order to be able to compare
the data to BiAgy, measurements of the surface band structure of BiAgs/Ag(111) are
displayed for the same photon energies on the right side (ii.). The ARPES intensity
plots were measured with p-polarized light and with the direction of light incidence
along k. Both samples where aligned with their crystal direction T'M along %,. The
angle between sample surface and the incoming light was © = 17° for BiAgs but
O =40° for the measurements on PbAgy which were performed at beamline BL 9A at
HiSOR.

The upper and lower branch of the occupied surface states E7, are marked by
arrows and labeled E; and E;, respectively, for both BiAgz and PbAgs. Especially
for the lower branch E;, the same trends in the photoemission intensity at different
photon energies can be observed in the surface states. For a photon energy of Av =30eV
(Fig. 6.13 (d)) the photoemission intensity distribution of PbAgs is quite symmetric,
similar to the case of BiAgs. At Av = 26 eV the left part of the lower branch E; of
PbAgs/Ag(111) outweighs the right part. While the photoemission intensity is not
completely extinguished, the principle behavior is comparable to the case of BiAgs.
The same can be said for a photon energy of Av = 22 eV, which in both surface alloys
shows much higher photoemission intensity for the right part of the branch E; than
for the left part. For Av = 18 eV the intensity asymmetry becomes less pronounced for
the surface states of PbAgs and is negligible in BiAgs.

The observed asymmetries in the photoemission intensity are thus not generic
to the surface alloy BiAge/Ag(111) but occur in a likewise manner in the surface
electronic structure of PbAgo/Ag(111). This allows to exclude a resonance effect at the
Bi 5d absorption edges. The most likely origin is the shape of the photoemission final
state of BiAgo/Ag(111) as well as PbAgs/Ag(111).

The role of the photoemission cross section for the
photoelectron spin polarization — a simple model approach

The results presented above reveal that the photoemission intensity from the surface
alloys BiAga/Ag(111) and PbAge/Ag(111) strongly depends on the wave vector E
and changes rapidly when the photon energy is varied by only few eV. These depen-
dencies manifest themselves as asymmetries in the spin-integrated angle-resolved
photoemission intensity distribution. While such a photon energy and wave vector
dependence is most prominent in case of the surface alloys, asymmetric distributions
of the angle-resolved photocurrent appear also in BigTesSe and BiTel. Here, asymme-
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tries in the spin-integrated as well as the spin-resolved photoemission signals from
the surface electronic structure were shortly discussed in chapter 5. In addition, in the
topological surface state of BioTe3(0001) as well as in the surface electronic structure
of BiAgo/Ag(111) a photon energy dependence of the photoelectron spin polarization
was observed. The qualitative discussion given in the following, is aimed at explaining
the appearance of asymmetries and photon energy dependencies in a simple model by
taking a closer look at the photoemission cross section. In particular, the role of the
initial state and final state as well as the interplay between different photoemission
transitions will be discussed.

Asymmetries in the angle-resolved photocurrent from the BiAgs/Ag(111) surface
alloy clearly depend on the experimental geometry, since they occur along the detec-
tion plane x — z, given by the incoming light and the analyzer slit, whereas along the
direction perpendicular to the detection plane the photoemission intensity distribution
is always symmetric as discussed in chapter 5. Symmetries, which are present in the
experiment, thus appear to be of some relevance for the appearance of asymmetric
intensity distributions and should be considered carefully. The BiAgy surface alloy
exhibits a mirror plane parallel to the 'K crystal direction, which was in the presented
experiments aligned along %, and, therefore, perpendicular to the detection plane.
In case of the surface alloys, only small anisotropies are present in the electronic
structure and for the following discussion the crystals will be considered to be approxi-
mately isotropic. Therefore, as long as the photon beam is not taken into account, the
experiment is mirror symmetric with regard to &, as well as k.

The asymmetry is introduced by the vector field A of the incoming radiation. For
s-polarized light the polarization direction € of the vector potential A is parallel to
the k,-axis, whereas for p-polarized light the polarization €, of the vector potential A
has a component along the x- as well as along the z-direction with €, -r=x+z. The
symmetry of the experiment remains unbroken for s-polarization, since €, is symmet-
ric with respect to the two in-plane axis. It is, however, broken for p-polarized light.
This is easily understood, when imagining the same experiment in a mirror symmetric
alignment, where the photon beam is incident from the opposite side along %,. In such
a scenario, the polarization €; remains the same with regard to the sample surface,
whereas for p-polarization the alignment of the polarization €, of the vector field is
changed with respect to the %k -axis. If the experimental alignment is mirrored with
respect to the x —z-plane, however, no change of the light electric field occurs for either
polarization. Therefore, the symmetry is only broken by p-polarized light along the
x-axis allowing the appearance of asymmetric photoemission intensity distributions.
For s-polarized light, however, mirror symmetry is always valid.
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That asymmetric photoemission intensity distributions along certain directions
can in principle appear can be understood solely by considering symmetries in the
experiment. To gain a detailed understanding of their origin, a closer look at the
photoemission current I can yield further insight. It is closely related to the photo-
emission cross section, which describes the probability that a transition from an initial
state V; to a final state W/ takes place. The cross section can be expressed in terms
of photoemission matrix elements My ; o< D = (‘I’ rlé -rI\I’i>, where the polarization
€ of the vector field can generally be written as € = (e,,€y,€;) and r = (x,y,2). The
photocurrent I is given by the relation I  |D|?-5(E f—E;—hv). The delta function
O0(E;—E; — hv) insures energy conservation and E and E; are the final state and
initial state energies, respectively.

Asymmetries in the photoemission current only occur for p-polarized light, there-
fore, the discussion will primarily cover the case where é-r = €,r =¢c,x + ¢,z and the
photocurrent I, is:

(6.3) I, o [{(Wrlew xIW; ) +(Wrle, - 21 ) 1*-8(Ef —E; — hv).

The initial state wave function can, for all surface states which were investigated here,
be constructed from p,-orbitals as well as radially and tangentially aligned p-orbitals.
While this constitutes a simplified picture, it is sufficient for a qualitative discussion.
The initial state wave function can then be written in a form, already presented in
equation 5.1, as:

(6.4) I¥) =c1lp2)|x1) +c2lpry|x2) +cslped |xs),

where |p;) = —sin(a)|py) + cos(a) |py> and |p,) = cos(a)|py) + sin(a) |py> are the tan-
gentially and radially aligned p-orbitals, respectively, and «a is the azimuthal angle
(d=0atk,>0and k, =0, and a =7/2 at k, =0 and &, > 0) [159]. The different
spatial parts of the wave function are coupled to different spin parts | x1-3)- To fur-
ther simplify the discussion, the wave function can be rewritten in terms of p,- and
py-orbitals, and the spin part y will for now be neglected and reconsidered at a later
point in the discussion. The initial state wave function becomes:

(6.5) W) = c11p2) +che " Ipy) +che ¥ p, ).

If we only consider the photoemission intensity along k., along which mirror
symmetry is broken by the direction of the vector field of the incident radiation, and
using the wave function above, the photocurrent I,(+%,) can be expressed as:

(6.6) I,(xk) (IDy|?+|D. 1> +2ReD} -D,)-6(Es —E; - hv),
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with D, =(¥y|e.-x|chp.) and D, = (¥f|e, - z|c1p.). The photoemission intensity at
positive and negative &, can differ due to the term +2ReD} -D,, which has opposite
sign for opposite wave vectors k,. As a result, in the simple approach here, the
photocurrent will be at a maximum at positive k,, when it is at a minimum at negative
k, and vice versa, explaining the asymmetric intensity distributions. Furthermore,
asymmetries in the angular distribution of the photoemission intensity only appear,
when at least two different transitions take place in the photoemission process — in
the present case transitions from the p,.- as well as the p,-part of the initial state wave
function — resulting in a mixed term ReD; - D, in the photocurrent. For s-polarized
light, however, only p,-orbitals are addressed and no such mixed term appears. The
observed photoemission intensity distributions can, therefore, be explained by the
simple model introduced here.

Similar investigations of the photoemission intensity can be found in the literature,
for instance in reference [179]. Here, the expression 2ReD - D, is termed interference
term, indicating, that the interplay between the photoemission from different parts
of the initial state is responsible for the occurrence of asymmetries in the intensity
distribution. Interference between different photoemission channels is also the under-
lying principle of resonant photoemission, where transitions from the initial state to
the same final state occur via an Auger process or via direct photoemission [176—178].

The model wave function that is assumed in the present discussion has a very gen-
eral and simple form. While it does reflect the observations along k., it also results in
a similar picture for the situation along k,, where the symmetry of the experiment as
well as the actual observation contradict the emergence of asymmetric photoemission
intensity distributions.

In order to understand the dependence of the photocurrent on photon energy, it is
not sufficient to consider the operator and initial state alone. Here, the structure of the
final state |¥s) must be taken into account as well. The final state | ¥ ) introduces a
photon energy dependence, since it differs depending on photon energy. As a result,
also the photoemission cross section depends on photon energy.

The photoemission matrix element D, , ., which is an imaginary number, can be
writtenas D, , . = Dy , .| -e'Pxyz with the phase (x,y,. of the overlap integral. In this
expression the phase ¢, , . as well as the absolute value of the matrix element |D, , .|
are in general photon energy dependent quantities. The photocurrent I, as measured
with p-polarized light becomes:

(6.7) In(xky) o< [Dy? +|D,1* £2- D} D, |- cos(¢s — p2)),

where the terms |Dy,l|, |D,| and the relative phase A¢ = ¢, — ¢, depend on photon
energy.
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FIGURE 6.14. The role of photon energy and relative phase. (a) shows
a schematic of a possible photon energy dependence of the absolute val-
ues of the matrix elements |D,| and |D,|. The intensity distribution is
arbitrary and only serves as a model case scenario. Four different cases
are highlighted by colored arrows: 1. |D,| =|D,| > 0 (black) 2. |D,| =0 and
|ID,| >0 (red), 3. |Dy| =|D,| =0 (yellow) and |D,| #D, # 0. (b) shows the
dependence on the relative phase A¢ of the matrix elements for cases 1.
to 4. and for I as well as I~ as solid and dashed lines.

In Fig. 6.14 a schematic illustration of the interplay between D, and D, is shown,
which summarizes the influence of the photon energy dependence of the separate
terms in the expression 6.7. In (a) a possible photon energy dependence of the absolute
values of the cross sections |D,| and |D,| is displayed. The actual values as well as
the distribution with photon energy are completely arbitrary and only serve as an
illustration. In general, D, and D, can behave differently with varying photon energy
and can, therefore, have different values. In the graphic in (a), four cases are especially
highlighted by colored arrows. For all four cases the dependence of the photocurrent
on the relative phase A¢ is shown in (b).

The easiest scenario occurs, when both cross sections become zero at the same
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photon energy (yellow). In that case, independent of the relative phase A¢ between D,
and D,, the overall photoemission intensity is zero. In the simple picture illustrated
here this should be valid for the photocurrent I* at positive wave vectors as well as
for the photocurrent I~ at negative wave vectors. The second possibility is that only
one of the two cross sections is zero (red). Again the relative phase plays no role, but
the photocurrent is non-zero and yields a constant value of |D, , 2.

The relative phase becomes relevant when both |D,| and |D,| are non-zero. If they
are approximately equal |D,| = |D,| (black), the photocurrent is zero, if the relative
phase is an integer multiple of 7 (A¢ = n-n with n =0,1,2,...), even though the
separate matrix elements have finite values. The photocurrent I at positive wave
vectors and the one at negative wave vectors I~ are never suppressed for the same
relative phase but alternate between maximal values and zero. Therefore, this scenario
immediately leads to an asymmetric intensity distribution, as observed experimentally
for BiAge/Ag(111). If |D,| and |D,| are unequal to zero but have different values (blue),
the situation is similar to the case where |D,| and |D,| are equal. Once more, minima
and maxima occur alternately for I* and I~ at the same relative phase values as for
|Dy| = |D,|. The maxima are, however, much less pronounced, whereas at the minima
the intensity is still above zero.

Clearly, there are two scenarios which yield zero photoemission intensity. On the
one hand, no photocurrent will be measured if [D,| = |D,| = 0. On the other hand the
interference term ReD, -D, can induce zero intensity for the case when |D,| = |D,|
and A¢p = ¢, — ¢, = n-m, but only at either positive or negative wave vectors k,. Since
in the presented data zero photoemission intensity does not appear at positive and
negative wave vectors k, at the same photon energies, the second scenario appears to
be the case in the photoemission from BiAgs.

The simple model approach introduced above provides an explanation for the strong
photon energy dependent variations of the photoemission signal from the surface
states of BiAgo/Ag(111). The explanation is based on a photon energy dependence of
the cross sections, which results from the structure of the final state wave function,
in combination with an interference between the matrix elements D, and D,. An
elaborate ab initio calculation within the one-step photoemission theory was performed
by Prof. Eugene Krasovskii to investigate the dependence on photon energy as well as
on the wave vector. In the calculation the photoemission current is determined from
the transition probability between the initial state and the photoemission final state,
likewise to the simple approach employed here. In the theoretical treatment the final
state W/ is the time-reversed LEED state, as described by one-step photoemission
theory, with the real eigenvalue Er = E; + hv [180]. The resulting momentum and
photon energy dependent photoemission intensities are shown in Fig. 6.15 together
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FIGURE 6.15. Calculated photon energy and wave vector dependent
intensities. The calculated photoemission intensity from the lower
branch E; of BiAgs as indicated in the inset above the graphs is shown
in dependence of the photon energy for negative wave vectors between

ky = —0.20A_1and ky = —0.02A_1in (a) and for positive wave vectors

o -1 e -1

with £, =0.02A "to k, =0.20A "in (b). The different wave vectors are
encoded by colors. (c) and (d) show corresponding experimental data for
negative and positive wave vectors, respectively.

with photoemission data to allow a qualitative comparison.

In Fig. 6.15 (a) and (b) the calculated intensities for the lower branch E; in de-

e -1
pendence of photon energy are displayed for different wave vectors k£, = +0.20A  to

+0.02 A_l. The left panel (a) shows negative wave vectors, while the intensity distri-
bution at positive wave vectors is displayed in (b). For better comparison with the
experimental data, the experimental values are displayed in (c) for negative and in (d)
for positive wave vectors. The experimental data was shown and described before in
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connection with Fig. 6.11.

The similarities are striking. For negative wave vectors the calculation yields
zero intensity at approximately Av = 21 eV independent of the exact wave vector. A
second minimum occurs around approximately Av = 26 eV. The second minimum,
however, strongly depends on the wave vector &, as it becomes less pronounced with
decreasing value of |k, |. This closely reflects the measured intensities displayed in (c),
which also have a zero intensity minimum at approximately Av = 22 eV and a second
local minimum at approximately Av =29 eV. The second minimum in the measured
photocurrent similarly becomes less pronounced with decreasing |k,|, corresponding
to the calculated values. In the experimental data also the minimum at Av = 22 eV
becomes less pronounced at small |k, |, at the same time, the exact values of the photon
energy are slightly different to the positions of the minima in (a), indicating small
deviations between experiment and calculation.

For positive wave vectors, at each wave vector k., the calculated intensity shows
one distinct minimum. The photon energy at which the minimum occurs varies with
the wave vector k. For increasing k£, the minimum lies at smaller photon energies
hv, for example at k2, =0.20 A_l the intensity is minimal at Av = 24 eV, whereas at
ky =0.02 AT the minimum intensity is at Av = 20 eV. The measured photoemission
intensity indeed shows only one distinct minimum at positive wave vectors, which is
positioned at approximately Av = 27 eV. A likewise strong dependence of the position
of the minimum regarding photon energy on the wave vector k, as observed in the
theoretical data, does not appear.

Therefore, the calculation nicely reproduces the observed momentum dependent
intensity modulations, albeit small deviations between experiment and theoretical
calculation occur.

The similarities between calculation and measurement show that the model ap-
proach introduced here, which relies on the photon energy dependence of the final
state as well as the appearance of an interference term in the photocurrent I,, is a
plausible explanation for the observed asymmetries in the angle resolved photocur-
rent. The original question, however, deals with the occurrence of photoelectron spin
reversals, which were observed in the Rashba spin component S, of the lower surface
state E7, of BiAgo/Ag(111). The above model in the simple framework employed here
will, therefore, in the following be extended in order to explain possible origins of a
photon energy dependence of the photoelectron spin.

In principal, the strong modulations and sign change in the photoelectron spin
polarization of the BiAge/Ag(111) surface states can be understood as a direct result of
the strong photon energy dependence of the photoemission cross section. To understand
this in detalil, it is helpful to revise the exact experimental geometry, as well as the
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results previously discussed in this work. The sample geometry is depicted once more
in Fig. 6.16 (a). Light incidence is along the k,-axis at ® = 0 and at an angle of
O = 17° between sample surface and light beam. The spin polarization in BiAgs is
measured at points along the &, axis which corresponds to the mirror plane I'K. The
measurement is, therefore, performed at wave vectors &, along the crystal direction
perpendicular to the detection plane and in the mirror plane. Strong modulations of
the spin polarization occur, when p-polarized light is used and photoelectrons from
the p,- as well as p,-orbitals are emitted from the sample. For a measurement in the
mirror plane and along the k,-axis, however, the p,-orbital is odd, whereas the p,-
orbital remains even. In chapter 5 of this work the coupling of different spin structures
to the even and odd part of the wave function was discussed in detail. It is, therefore,
reasonable to assume that in the present case and sample alignment opposite spin
is coupled to the p, and p,-orbital, respectively, where the spin quantization axis is
parallel to x. The strong modulations of the spin-integrated photoemission intensity in
the surface electronic structure of BiAgy, which are a result of the interplay between
photoemission from the p, and p,-orbital, can, therefore, induce a strong variation of
the photoelectron spin at similar photon energies.

A verification of such a scenario is possible in terms of a simple approach, which
makes use of the definition of the spin polarization S as the expectation value of the
spin matrices o':

(6.8) S={flalf),

with the final state |f) of the measured photoelectron at the detector. The state |f) can
be expressed by the photoemission final state weighted with the respective transition
probabilities into final states W¢ , with a spin ;| [181, 182]:

6.9) ) =1 r 0 (Wr 416 X)),

To simplify this expression, only photoemission from the p, and p, part of the initial
state wave function will be discussed in the following and the final state |f},) of an
photoelectron emitted by p-polarized light can be written as:

(6.10) 1fp) = 1Wry )P ry lex-xlea e x 1) +1Wr o ) (Vry lez2le1-pa-x1).

Here, the assumption was made, that the spin part y; | of the initial state wave
function, which is coupled to the even (p,) and odd (p,) part of the spatial wave
function, remains unaltered after the photoemission process in the respective final
states |fy,) and |fy ). This assumption is valid, when spin-flip transitions can be
neglected. They are in fact much less likely than spin-conserving transitions in the
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photon energy range of the experiment [113, 183]. As a result the state |f},) can be
expressed as combination of final states with either y; or x,:

(6.11) |fp>:|fz,)(1>+|fx,)(1>-

The initial state spin yy/;, pointing into an arbitrary direction é defined by the
angles 9 and ¢ as illustrated in Fig. 6.16 (a), can, by solving the eigenvalue problem
(ogé)-x =A-x, be expressed as y1 = (cos(%);sin(%)-ei%) and y| = (sin(%); —cos(%)-ei"’S).
The determination of y is for instance shown in reference [111]. For an initial state
spin S, pointing along x, the spin eigenvalues become y; = (%\/ﬁ;%\/ﬁ) and y| =
(3V2;-35V2).

In the presented spin-resolved experiments on BiAgy/Ag(111) the initial state
spin can be assumed to be oriented along x from the Rashba-Bychkov model and the
expectation value S = (f|a |f) x (fz1]|+ {fr,)])T(f21) +1fx,))) yields the expected spin
polarization of the photoelectron in the final state. The calculation of S results in:

ID,|? - |D,|?
(6.12) S o |2:1D,|-|Dy|-sin(A¢p)
2-|D,|-1D,| - cos(A¢p)

As before, the absolute values |D, .| as well as the relative phase A¢ of the matrix
elements D, and D, are photon energy dependent values. The spin polarization S is,
therefore, closely connected to the spin-integrated photoemission cross section. In case
of the spin polarization S, measured in the photoemission experiment on BiAgs, the
expected polarization depends on the relative values of the matrix elements |D,| and
|D,|. If |D,| is smaller than |D,|, the spin polarization S, is positive, it is negative, on
the other hand, when |D,| is larger than |D,|. In a photon energy range, where |D |
and |D,| vary strongly, as is the case for the photoemission from the BiAgs surface
states, also strong variations of the photoelectron spin polarization S, can be expected.
In particular, when the dominating contribution switches between |D,| and |D,| the
spin polarization of the photoelectrons changes sign.

The simple approach presented here, therefore, already suffices to explain the
strong modulations and asymmetries, as well as photon energy dependencies of the
spin-integrated and spin-resolved photoemission current from the surface electronic
structure of BiAgs. A more detailed examination is again possible with the help of ab
initio calculations in the framework of one-step photoemission theory. A calculation
of the photon energy dependent spin polarization is presented in Fig. 6.16 (b). The
calculation is performed for a similar sample alignment as in the experiment. The
light is incident along the &, axis, therefore, ® = 0°. In the calculation, however, the
angle between incoming light and sample surface is ® = 45°, which is different to
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Figure 6.16: Calculated photon energy dependent spin polarization in
BiAgy/Ag(111). (a) shows the experimental geometry. The incoming light beam is
depicted as blue arrow. The red arrow illustrates the spin polarization direction y
along an arbitrary direction defined by the angle 9 and ¢;. For the spin-resolved
photoemission experiment on BiAge ® =0°, © = 17° and the detection plane is along
k. The calculated hv-dependent photoelectron spin polarization S, along I'K||k y of
the surface state branch E; is depicted in (b), for © = 45°. (c) shows the experimental
spin polarization S, for different photon energies at positive wave vectors &,.

the experiment, where © = 17°. The crystal direction I'M is assumed to be parallel
to the %, axis and the spin polarization is calculated along the I'K-direction, which
lies in the mirror plane of the crystal and parallel to &,, likewise to the experimental
alignment. The sample rotation around the x-axis by a few degrees, which is necessary
in the experiment, is neglected in the calculation, since it can be assumed to have no
significant influence on the outcome.

Clearly, the calculated spin polarization in Fig 6.16 (b) is approximately opposite for
positive and negative wave vectors, as expected for the initial state spin polarization.
If the photon energy is changed, however, reversals of the polarization are predicted
at photon energies of approximately Av = 20 eV and hv = 24 eV. This is quite similar
to the experimental observations, displayed in Fig. 6.16 (c) for comparison, where
spin polarization reversals occur at comparable photon energies. The experimental
data was displayed and discussed before in connection with Fig. 6.8. The theoretical
calculation nicely reproduces the experimental results for BiAgs, where spin reversals
occur between hv = 20eV and hv = 22eV and between hv =24 eV and hv = 26eV
for the upper branch E; and between 2v =22eV and hv =24 eV as well as between
hv=24eV and hv =26V for the lower branch E; .

The calculated spin modulations in the surface states of BiAgy stem from the inter-
play between different parts of the overall photoemission current, which vary strongly
in the photon energy range, where the spin reversal takes place. It, therefore, confirms
the strong connection between the measured spin polarization and the photoemission
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cross section as already discussed in the model approach above.

The model description presented above is valid for the case of BiAgs, where the
spin polarization S, was measured at k-points along the mirror plane with p-polarized
light. The same approach can be used to explain the photoelectron spin reversal
and photon energy dependence observed in the spin component S, of the topological
surface state of BioTe3(0001). To interpret the spin-resolved data from BigTeg, it is
once more beneficial to reconsider the exact alignment of sample and light beam. The
sample was aligned with T'K, which is the plane perpendicular to the mirror plane,
parallel to the detection plane and the spin-resolved data corresponds to points along
I'K. The light polarization was again p-polarized, therefore the p.- and p,-like orbitals
were probed in the experiment, similar to the situation discussed above. In order to
understand the spin polarization reversal observed in the out-of-plane component in
the topological surface state of BigTes in the framework of the model discussed above,
one has to take into account, that for a measurement which is not in the mirror plane
of the crystal, even and odd as well as the assignment of different spin structures to
the even and odd part of the initial state wave function is not well defined [107]. While
the anisotropy between the crystal directions can in many cases be neglected, it makes
a huge difference, which direction is considered in the surface electronic structure
of BigTes, given by the strong warping in the band structure. Therefore, a mixture
of y1 and x| can in principle be coupled to each part p, and p, of the initial state
wave function in the particular experiment on BigsTes. As a result, when the p, and
p. orbitals are probed, it is indeed possible that initial states coupled to different spin
directions appear in the overall matrix elements, leading to the observed modulations
of the out-of-plane spin S,.

The spin polarization modulations observed in the measured band structure of
BisTes in the out-of-plane spin S, show a sinusoidal variation with photon energy. In-
deed, the spin polarization in equation 6.12 calculated in the framework of the simple
model implies a similar dependence of the components S, and S, on the phase A¢,
when the initial state spin is assumed to be along x. While the dependence of the rela-
tive phase A¢ on photon energy is not necessarily a linear one, the general behavior of
a modulating spin polarization S, as observed in BigTes is well described. This shows,
that the model approach is able to explain the appearance as well as variations in
the out-of-plane spin polarization even without an initial state spin component along z.

In conclusion, a photon energy dependent spin polarization as observed in the
surface electronic structure of BiAgs/Ag(111) but also BisTe3(0001) can be explained
by the interplay between photoemission from different parts of the initial state wave
function, which are coupled to different spin structures. The exact coupling of the
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spin structures to different parts of the initial state wave function depends a lot on
the symmetries which are present in the experiment. In the presented case of BiAgy
transitions from p, - x| as well as the p, - x initial state wave function take place. Due
to the high anisotropy and different sample alignment in case of BigTeg, the coupling
of different spin structures to the p, and p, is not well defined. Therefore, it can
be assumed that different initial state spins take part in the photoemission process,
leading to the observed photoelectron spin reversal.

In general, signatures of an interplay between photoemission from different parts
of the initial state wave function can already be found in the spin-integrated photo-
emission data, where strong asymmetries and modulations with photon energy appear
at similar photon energies as the photoelectron spin reversal. This indicates a close
relation between the spin-integrated photocurrent and the measured photoelectron
spin polarization. In fact, the simple model introduced above can be seen as compelling
demonstration for the direct connection of the photon energy dependent photoelectron
spin polarization and the photoemission cross section.

While the model approach introduced in this chapter is based on simple assump-
tions for the initial state as well as final state wave function, ab initio calculations
in the framework of one-step photoemission theory show a high agreement with the
experimental results based on a likewise interplay between the matrix elements. The
general approach assumed here, therefore, serves as a sufficient model to explain the
observed photon energy dependent spin polarization.
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CHAPTER

CONCLUDING DISCUSSION

Electrons emitted from solids under the influence of spin-orbit coupling are in many
cases spin polarized [34]. To what extend the measured spin polarization mirrors the
spin properties in the ground state was one of the central questions in this work. In
particular, disentangling the role of the experimental geometry and the photoemission
process from the spin-orbit coupling in the initial state and the intrinsic spin properties
was a goal in the framework of this thesis.

To gain insight into the spin structures inherent to an electronic state, it is first
necessary to understand how the spin properties in a bound state can in general be
defined. Under the influence of spin-orbit coupling the spin and orbital momentum
can not be considered as independent quantum numbers, anymore [184], and the
eigenfunctions of the spin S and orbital momentum L separately are no eigenfunctions
of the Hamiltonian H that describes the system. As a consequence, the spin in an
electronic state in a condensed matter is coupled to the spatial wave function of the
state. More precisely, different spin structures y1 2 are coupled to different parts of
the spatial wave function @1 so that the complete wave function including the spin
structure can be expressed as:

(7.1) ‘I’k:q)l-)ﬁ+q)2-)(1.

It is, therefore, not possible to sufficiently characterize the spin properties by a single
number, as obtained for example in a single measurement of the spin polarization along
a particular quantization direction. A more adequate account of the spin structure is
given by a vector which depends on the orbital as well as the crystal momentum.
Even though a single measurement of the photoelectron spin polarization can not
yield the complete spin structure, the measured spin in a spin-resolved experiment
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can be traced back to the spin properties in the initial state. Spin-flip transitions
during the photoemission process, which would actively change the spin properties of
a photoelectron during the transition, are negligible [112]. To what extend the different
parts 1 and y| contribute to the full measured photoelectron spin polarization is
determined by the transition probabilities from the individual initial states ®; and
®; to the final state W ;. The magnitude of the transition probabilities depends on the
experimental alignment as well as on the photon energy.

Therefore, if one carefully considers the photoemission cross sections, it is in many
cases possible to access the spin properties in the initial state, for example by exclu-
sively probing either ®; or ®5. An example for such a scenario is given by the results
presented in chapter 5 of this thesis, where it was demonstrated that a switch of the
light polarization from linear p-polarized to s-polarized leads to a full reversal of the
photoelectron spin polarization in the surface electronic structure of BioTeoSe as well
as BiTel. Here, the cross section for excitation of electrons from the even or odd orbitals
becomes zero when s-polarized light or p-polarized light is used, respectively. In an
isotropic crystal or parallel to a mirror plane of a crystal, the even and odd orbitals are
coupled to different spin structures and linear polarized light selectively probes either
®q -yt or @3- x|. The results in chapter 5 thus serve as striking demonstration of the
coupling of different spin structures to different parts of the spatial wave function due
to spin-orbit coupling. It is also a prime example that a photoemission experiment can
yield insight into the spin structure inherent to the initial state wave function, when
the experimental geometry is chosen with care. The results in chapter 5 exemplify
that the alignment of the electric field of the incoming light and the symmetries of the
crystal have to be considered to interpret the measured spin polarization.

Photoemission cross sections determine the spin-integrated photoemission intensi-
ties, therefore, they can be probed systematically in dependence of the experimental
geometry or the photon energy by photoelectron spectroscopy. The cross section de-
scribes the probability of a transition into the final state W,. It is, therefore, in general
a photon energy dependent value, owing to the structure of the photoemission final
state. In an experiment, where both spatial parts ®; and ®2 of the overall wave func-
tion are probed simultaneously given by the experimental alignment, also the relative
portion of photoelectrons with y; and y| character can vary with photon energy. In
such a case, the resulting photoelectron spin polarization depends on photon energy.
On one side, this makes a correct deduction of the spin properties of the initial state
impossible, when only one photon energy is probed in an experimental alignment
that addresses @1 -yt and @z - x| at once, if the respective cross sections are unknown.
On the other side, systematic photon energy dependent measurements of the spin-
integrated as well as spin-resolved photoemission current has the potential to yield

110



additional information on the intrinsic spin structure. This is for example the case
for the surface alloy BiAge/Ag(111). The results presented in chapter 6.2 of this work
demonstrate that a change of the photon energy leads to strong modulations and
sign reversals of the photoelectron spin polarization of the surface states of BiAgs.
At the same photon energies strong variations and even a complete extinction of the
photoemission intensity is observed selectively for different branches of the state at
different energies. A thorough analysis allowed to deduce that this extinction occurs
when the different parts of the wave function contribute equally to the overall cross
section, which leads to a destructive interference. Knowing the contributions of the
individual cross sections, it becomes possible to evaluate the initial state spin structure
in more detail. The data on the surface electronic structure of BiAgy reveal that a
different spin character is predominant, when either the p,- or the p,-orbital part of
the initial state wave function dominates the complete photoemission cross section.

In chapter 6.1 similar photon energy dependent modulations of the photoelectron
spin polarization were observed for the topological surface state of BigTe3(0001). Here,
a spin polarization along the direction perpendicular to the surface appears, which
changes sign with photon energy. An out-of-plane spin polarization is in fact predicted
for the topological surface state of BioTes. However, also a spin polarization oriented
in-plane, which can be expected in these kind of states, can yield a nonzero out-of-
plane spin polarization as a result of the matrix element effects described above. More
precisely, for an initial state spin polarization oriented in plane (y1 ), the interference
between y1; and y|  can generate a spin polarization along the surface normal which
depends on the photon energy. Moreover, in the presented experiment on the strongly
warped topological surface state of BigTeg it is not possible to selectively probe only
one particular spin structure, since the coupling of different spins to the even or odd
orbital part is only well defined in the special case of an isotropic environment [107].
The data is, therefore, not sufficient to evaluate, whether the topological surface
state does exhibit an intrinsic spin polarization along the surface normal. A thorough
investigation over a larger photon energy range might reveal a constant offset in the
measured spin polarization, if indeed a significant intrinsic out-of-plane polarization
exists. Otherwise, calculations of the photoemission cross sections associated with
different orbitals and the related spin polarization could possibly yield additional
insight.

Considering the crucial role of the final state for the measured spin polarization,
the question arises, whether spin-orbit coupling in the final states has a consider-
able effect on the measured spin polarization. The strong agreement between the
experimental data on BiAgo/Ag(111) presented in this work and the corresponding
photoemission calculations, where spin-orbit coupling in the final state was likewise
neglected, suggest an only minor role of such effects, at least in the probed surface

111



CHAPTER 7. CONCLUDING DISCUSSION

alloys. In reference [33], a detailed theoretical study of the role of spin-orbit coupling
in the initial and final states for the spin polarization of photoelectrons emitted from
Pt(111) similarly yields an only small contribution of spin-orbit coupling in the final
state. An influence of such effects might, however, become relevant in other cases,
depending on excitation energy and the probed system.

In summary, the measured spin polarization of photoelectrons can be understood
as a result of the combination of different initial state spin structures that are probed
simultaneously in the experiment. All variations of the photoelectron spin polarization
arise due to changes of the cross sections associated with different parts of the spatial
wave function that are coupled to opposite spin, owing to spin-orbit coupling. On the
one hand, the matrix elements change, when different parts of the initial state wave
function are probed for instance as a result of the polarization direction of the incoming
radiation. On the other hand, relative values of matrix elements can change with
photon energy, owing to the structure of the photoemission final state, and different
spin parts can dominate at different photon energies. Therefore, while it is indeed
possible to access spin properties in the initial state by spin-resolved photoemission,
a careful consideration of the symmetries in the crystal as well as the experimental
alignment is required to correctly interpret the results. One can even make use of the
photon energy dependence of the cross sections, if it allows to evaluate, which parts of
the wave functions are probed at particular photon energies.

The results thus show that despite the challenges in data interpretation, photo-
electron spectroscopy is the primary method to address the momentum-resolved spin
properties in the electronic bands of a material. The last years much effort was put into
the development and implementation of spin detectors of different kinds in various
laboratories as well as at synchrotron light sources, not least due to the increasing
interest in the spin-texture of novel material classes. Prominent examples are the
ESPRESSO setup at the Hiroshima synchrotron radiation center [83], which is based
on very low energy electron diffraction on a magnetized target, the Mott-detector
based spin-resolving setup at the COPHEE endstation at the Paul Scherrer Institute
[185], spin-resolving momentum microscopy setups as well as spin-resolving electron
mirrors combined with a time-of-flight detector, which allow multichannel spin de-
tection [124, 127, 186, 187] and the newly proposed i-Mott, which can capture the
three-dimensional spin information [188]. The increasing variety of set-ups allows the
utilization of different detectors, sample geometries and excitation energies, depending
on the particular scientific question.
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One can consider a few examples that are in the focus of current research, and
discuss concrete possibilities to access the initial state spin polarization based on the
findings in this work. Currently much debated are magnetic topological insulators,
where magnetic impurities in combination with the large spin-orbit coupling inherent
to the materials give rise to a novel topological phase: the quantized anomalous Hall
effect [189]. The magnetic moments can induce an overall spin polarization in the
electronic structure. To distinguish the spin polarization induced by magnetism from
the intrinsic spin structure which can for example in BiyTe3(0001) yield an out-of-plane
component of the photoelectron spin, one can change the magnetization direction by
an extrinsic magnetic field. In a spin-resolved photoemission experiment the inverted
magnetic field leads to a reversal of the magnetism-induced spin polarization and
a comparison of the complete out-of-plane spin polarization can yield insight. On
the other hand, a systematic photon energy dependent measurement, which was
shown here to result in strong modulations of the photoelectron spin polarization,
can also give information on the spin polarization of the magnetized ground state,
since a significant initial state spin polarization should lead to a constant offset in the
measured initial state spin with variable photon energies.

Another material class which attracts much attention are Weyl semimetals, which
have only recently been experimentally realized [14, 15]. At particular points, so called
Weyl nodes, in their electronic structure quasiparticles reminiscent of Weyl fermions
— massless particles with a defined chirality — exist [190]. The bulk band structure of
Weyl semimetals has topological properties. Unlike the topological insulators, however,
valence and conduction band touch each other at particular energies, forming the Weyl
nodes [190]. Weyl nodes of opposite chirality are connected by spin polarized surface
states, while in the bulk electronic structure Dirac-cone-like features appear [15]. The
spin polarization of the surface states has been experimentally verified [191], studies
of the spin character of the bulk Dirac-cones, however, remain scarce. Addressing the
spin properties of a bulk state holds some difficulties owing to the %2, dependent band
structure. A systematic investigation of the photon energy dependent photoelectron
spin polarization can, therefore, be hindered by the varying band dispersion with
excitation energy. On the other hand, in photoemission the Weyl nodes can be probed
by photon energies in the soft x-ray regime [15], where the final state structure is
often much simpler and can be approximated by a free electron state [158]. If the
influence of the final states is negligible, a reconstruction of the complete spin-orbital
texture by measurements in different experimental alignments for example through a
change of light incidence and polarization, becomes easier.

In any case, this thesis demonstrates that the result of a spin-sensitive photo-
emission experiment is determined by the interplay between spin-orbit coupling in
the initial state and the photoemission process. For a meaningful interpretation of
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CHAPTER 7. CONCLUDING DISCUSSION

the photoelectron spin polarization not only the initial state properties but also the
experimental geometry and the photoemission final state which leads to a photon
energy dependence have to be taken into account.
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APPENDIX

In Appendix A, photon energy dependent angle-resolved photoelectron spectroscopy
(ARPES) data on the surface electronic structure of the surface alloys BiAgs/Ag(111)
and PbAgs/Ag(111) over the complete measured photon energy range are presented.
The data was shown only partly in the main section of this work.

Fig. A.1 shows the complete measured photoelectron spectroscopy data on the
surface electronic structure of BiAgo/Ag(111) starting at Av = 8eV until Av = 40eV.
Light incidence was in the detection plane along the k,-direction, which is parallel
to the TM crystal direction and at an angle of © = 17° with respect to the sample
surface. The data nicely demonstrates the gradually evolving asymmetric intensity
distribution with increasing photon energy. Whereas up to approximately 19 eV the
intensity distribution remains relatively symmetric, at energies between 20 eV and
about 28 eV strong asymmetries appear. Thereby, at for example hv = 22 eV the left
parabolic band dominates, while at around Av = 26 eV the right parabolic band has
higher intensity. The photoemission intensity is again more evenly distributed at en-
ergies above approximately 28 eV. These intensity variations in a rather small photon
energy interval can be traced back to a signature of the structure of the photoemission
final state of BiAge/Ag(111).

Fig. A.2 shows photon energy dependent measurements on the surface states
of BiAgo/Ag(111), performed with s-polarized light in a photon energy range from
hv=19eV to hv =29 eV. Light incidence was once more along the k,-axis, with the
crystal oriented with the I'M crystal direction parallel to &, and at an angle of 17° be-
tween sample surface and light beam. The photoemission intensity distribution as
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Figure A.1: Full photon energy dependent data set of BiAgo, measured with p-polarized
light along TM.

measured with s-polarized light is completely symmetric, within experimental accu-
racy, in all ARPES intensity plots shown.

Fig. A.3 shows ARPES data sets of the surface surface electronic structure of
BiAgo/Ag(111), measured with photon energies from Av =20eV to hv =29 eV with
p-polarized light. The direction of light incidence was in the detection plane along
the k,-axis and at an incidence angle of ® = 17°with respect to the sample surface.
Compared to the data displayed in Figs. A.1 and A.2, the sample was rotated by 90°,
therefore the T'’K crystal direction lies in the detection plane in the data in Fig. A.3. The
photoemission intensity distribution shows a highly asymmetric intensity distribution
throughout the photon energy range displayed. In particular at around Av = 22 eV
the left parabolic band dominates the photoemission intensity, whereas at around
hv =26¢V it completely vanishes.
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Figure A.2: Full photon energy dependent data set of BiAgs/Ag(111), measured with
s-polarized light along T'M.

Fig. A.4 illustrates the photon energy dependence of the photoemission intensity
as measured on the surface electronic structure of the surface alloy PbAgs/Ag(111).
The data displayed was measured with photon energies between hAv = 16eV and
hv =30eV. Light incidence was parallel to the detection plane and k,, and at an angle
of ® = 40° between sample surface and light beam. The sample was oriented with its
I'M crystal direction parallel to k.. Over the complete energy range strong variations
of the photoemission intensities are present, in particular, a likewise high asymmetry
as observed for the case of the BiAge/Ag(111) surface alloy is visible.
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