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Abstract

In the focus of this work lies the experimental study of the spin-dependent

unoccupied surface electronic structure of Tl/Si(111)-(1×1). Particular em-

phasis is put on the unoccupied surface states and their spin-orbit-induced

spin textures.

The unoccupied surface electronic structure is accessed by means of spin- and

angle-resolved inverse photoemission. In order to unveil the spin textures of

the unoccupied surface states, a rotatable spin-polarized electron source has

been developed, whose key feature is a variable direction of the transversal

electron beam polarization. As a result, the spin- and angle-resolved inverse-

photoemission experiment becomes sensitive to all three spin-polarization di-

rections. This is demonstrated by a thorough characterization of the essential

source parameters and two performance tests. Spin- and angle-resolved inverse-

photoemission measurements of magnetized Ni films on W(110) serve as a ref-

erence to demonstrate the variable spin sensitivity. Experiments on Au(111),

the prototypical Rashba system, highlight the importance of a correct electron

beam and sample alignment, when investigating systems with spin textures

that are more complex than systems with a single spin-quantization axis, e.g,

ferromagnetic surfaces.

For Tl/Si(111)-(1×1), a spin-orbit-split surface state with unique spin texture

is detected throughout the complete surface Brillouin zone. It serves as an ideal

sensor to study the intimate interplay between spin-orbit interaction and the

surface symmetry. Along Γ̄K̄ (Γ̄K̄′), the spin-polarization vectors of the surface-



state components rotate from the classical in-plane Rashba spin-polarization

direction around Γ̄ to the direction perpendicular to the surface at the K̄

(K̄′) points - a direct consequence of the symmetry of the two-dimensional

hexagonal system. Remarkably, at the K̄ (K̄′) points, a giant splitting in

energy of about 0.6 eV is observed and attributed to the strong localization

of the unoccupied surface state close to the heavy Tl atoms. This leads to

completely out-of-plane spin-polarized valleys in the vicinity of the Fermi level.

Intriguingly, adsorption of additional Tl renders the valleys metallic. As the

valley polarization is oppositely oriented at the K̄ and K̄′ points, this results

in a peculiar Fermi surface, where backscattering is strongly suppressed - a

property which may be indispensable for spintronic applications relying on

the electron spin as information carrier. The symmetry of the system also

determines the spin textures along the other high-symmetry directions. Along

Γ̄M̄, the surface state becomes a surface resonance, which exhibits a giant spin

splitting around M̄. As Γ̄M̄ lies in a mirror plane of the system, the surface

resonance is purely in-plane spin polarized. Notably, the latter restriction is

already lifted for slight deviations from the high-symmetry line. Along K̄M̄

(K̄′M̄), the surface state shows a giant spin splitting around M̄ as well, but is,

in contrast to the Γ̄M̄ direction, predominately out-of-plane spin polarized. In

total, this gives rise to a surface state around M̄ with peculiar spin texture,

which can be viewed as spin chirality in momentum space.



Kurzfassung

Im Fokus dieser Arbeit steht die experimentelle Studie der spinabhängigen

unbesetzten elektronischen Struktur der Tl/Si(111)-(1×1) Oberfläche. Hierbei

wird ein besonderes Augenmerk auf die Spintexturen der unbesetzten Oberflä-

chenzustände gelegt.

Die unbesetzte elektronische Struktur wird mittels spin- und winkelaufgelös-

ter Inverser Photoemission vermessen. Um die komplexen Spinstrukturen der

Oberflächenzustände aufzudecken, wurde im Zuge dieser Arbeit eine Quelle

für spinpolarisierte Elektronen entwickelt, die es erlaubt, die transversale Spin-

polariation des Elektronenstrahls zu variieren. Hierdurch kann das spin- und

winkelaufgelöste Inverse Photoemissionsexperiment alle drei Spinpolarisations-

richtungen auflösen. Dies wird anhand einer gründlichen Charakterisierung

der essenziellen Quellenparameter und zweier Prüfexperimente demonstriert.

Messungen an magnetischen Nickelfilmen auf W(110) dienen als Referenzmes-

sungen zur Veranschaulichung der variablen Spinsensitivität des Experimentes.

Untersuchungen am prototypischen Rashba-System Au(111) veranschaulichen

die Relevanz einer korrekten Elektronenstrahl- und Probenjustierung, wenn

Systeme untersucht werden, die eine komplexere Spinstruktur haben als Sys-

teme mit einer festen Spinquantisierungsachse.

Auf Tl/Si(111)-(1×1) kann ein unbesetzter Spin-Bahn-aufgespaltener Ober-

flächenzustand in der kompletten Oberflächen-Brillouin-Zone nachgewiesen

werden. Der Oberflächenzustand ist damit ein idealer Sensor um das Wech-

selspiel zwischen der Spin-Bahn-Wechselwirkung und der Oberflächensym-



metrie zu untersuchen. Entlang der Γ̄K̄ (Γ̄K̄′) Richtung wird gezeigt, dass

die Spinpolarisationsrichtung des Oberflächenzustands von der klassischen

Rashba-Spinpolarisationsrichtung zur Richtung senkrecht zur Oberfläche ro-

tiert - eine Konsequenz der zweidimensionalen hexagonalen Symmetrie der

Oberfläche. Außergewöhnliche Eigenschaften besitzt der Oberflächenzustand

an den K̄ (K̄′) Punkten. Durch eine starke Lokalisierung des Oberflächenzu-

stands an den schweren Tl Atomen, zeigen die Spinkomponenten eine, in der

Literatur als riesig klassifizierte, Energieaufspaltung von etwa 0,6 eV. Dies

führt zu fast vollständig senkrecht zur Oberfläche spinpolarisierten Zuständen

in der Nähe der Fermienergie. Bemerkenswerterweise werden diese Zustände

durch Dotierung mit zusätzlichem Tl metallisch. Da die Spinpolarisation an

den K̄ und K̄′ Punkten entgegengesetzt ist, entsteht eine Fermifläche, in der

Rückstreuung verboten ist - eine Eigenschaft die für die Nutzung des Elektro-

nenspins in Anwendungen der Spintronik von entscheidender Bedeutung sein

kann. Die Symmetrie der Oberfläche bestimmt auch die Spinstrukturen ent-

lang der übrigen Hochsymmetrierichtungen. Entlang der Γ̄M̄ Richtung tritt der

Oberflächenzustand als Oberflächenresonanz auf und zeigt eine riesige Spinauf-

spaltung um M̄. Da die Γ̄M̄ Richtung in einer Spiegelebene des Systems liegt,

ist die Oberflächenresonanz vollständig senkrecht zum Kristallimpuls parallel

zur Oberfläche spinpolarisiert. Hierbei wird die letztere Einschränkung bereits

durch kleine Abweichungen von der Hochsymmetrieline aufgehoben. Entlang

der K̄M̄ (K̄′M̄) Richtungen zeigt der Oberflächenzustand ebenfalls eine riesige

Spinaufspaltung um M̄. Im Gegensatz zur Γ̄M̄ Richtung zeigt die Spinpolari-

sationsrichtung jedoch vor allem senkrecht zur Oberfläche. Dies führt zu einer

außergewöhnlichen Spinstruktur des Oberflächenzustands um den M̄ Punkt,

die als Spinchiralität im reziproken Raum angesehen werden kann.
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1 Introduction

The notion in the 1930s by Wolfgang Pauli (1900-1958) that “surfaces were

invented by the devil” has perished along with the development of ultra-high

vacuum (UHV) conditions and sophisticated tools of surface science. Nowa-

days, the surface of a solid is regarded as a playground for physics with an

immense scope of potential subject areas (Plummer et al. 2002). In surface sci-

ence, considerable attention is paid to surface states - electronic states, which

live at the surface of a crystalline solid. Surface states reflect the (quasi) two-

dimensional (2D) nature of the surface and are ideal sensors to study physics

with reduced dimensionality and broken symmetry. In this light, the thesis at

hand will address one phenomenon.

Since the beginnings of quantum mechanics it has been known that spin-orbit

interaction (SOI), i.e., the coupling of the electron spin to its orbital momen-

tum, can affect the splitting of energy levels in atoms, molecules and solids.

At the crystalline surface, the translational symmetry of the crystal is broken

and SOI can lead to spin-polarized surface states even in absence of magnetic

fields. In topological insulators, SOI leads to a band inversion, which in turn

gives rise to spin-polarized surface states closing the fundamental band gap of

the otherwise insulating material. The immense interest in topological insula-

tors is fueled by the unique properties of the topological surface states, which

are often believed to revolutionize the use of the electron spin as information

carrier in electronic devices, i.e., spintronics. On the other hand, surfaces of

metal single crystals and metal adlayer systems may feature surface states,

which would also emerge without the presence of SOI. Here, SOI gives rise to

1



2

a spin splitting of the surface states - a phenomenon, which is often referred to

as the Rashba-Bychkov effect. Like topological states, Rashba-type spin-orbit-

split states may open the way for promising spintronic applications such as the

spin field-effect transistor (Datta and Das 1990), the spin Hall-effect transis-

tor (Wunderlich et al. 2010) and others (Schliemann et al. 2003, Fabian et al.

2007). The underlying Rashba-Bychkov model (Bychkov and Rashba 1984) is

able to describe spin-orbit-induced spin splittings of nearly-free-electron-like

dispersing states, where the spin-polarization direction is always in-plane and

perpendicular to the momentum parallel to the surface. However, the Rashba-

Bychkov model fails to capture the influence of the surface symmetry, which

ultimately determines the spin textures of surface states.

In this light, this work focuses on the experimental study of Tl/Si(111)-(1×1),

a thin heavy-metal film on a semiconducting substrate, to address two in-

alienable aspects: (i) The search for a metallic surface state with large spin-

splitting in the fundamental band gap of a semiconductor, where the spin

transport is solely determined by the surface state and (ii) the spin-orbit- and

symmetry-induced spin textures of the surface states. Standardized tools of

surface science such as low-energy electron diffraction (LEED), Auger electron

spectroscopy (AES), scanning tunneling microscopy (STM) and angle-resolved

photoelectron spectroscopy (ARPES) are used to study the surface symmetry,

the cleanliness, the morphology and the occupied surface electronic structure

of the Tl/Si(111)-(1×1) samples, respectively. The emphasis is on the unoc-

cupied surface states, which are investigated with the central technique em-

ployed in this work: spin- and angle-resolved inverse photoemission (SR-IPE).

To shed light onto the spin textures of the surface states, the implementation

of three-dimensional (3D) spin analysis in the SR-IPE experiment, i.e., the

possibility to measure all three spin-polarization components, is a mandatory

prerequisite.

The present thesis is organized as follows: Ch. 2 presents the basic concepts

of SOI at surfaces, whereas Ch. 3 covers the experimental aspects. A brief

discussion of the principle of SR-IPE is given in Sec. 3.1 and an introduction

to the general experimental setup is presented in Sec. 3.2. A main task of

this work has been the implementation of 3D spin analysis in SR-IPE with the
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help of a rotatable spin-polarized electron source - the ROSE. The ROSE will

be presented and characterized in Sec. 3.3. The results on Tl/Si(111)-(1×1)

are presented in Ch. 4. After a brief motivation in Sec. 4.1, Sec. 4.2 starts

with an introduction to the sample system Tl/Si(111)-(1×1). The preparation

of the Tl/Si(111)-(1×1) is described and the Tl/Si(111)-(1×1) samples are

characterized in terms of surface quality and symmetry aspects. Hereafter, the

results on the unoccupied surface states and their spin textures are presented

in Sec. 4.3, 4.4, 4.5, 4.6 and 4.7. Finally, a summary of the key results and an

outlook on further SR-IPE investigations are given in Ch. 5.





2 Spin-Orbit Interaction

Spin-orbit interaction (SOI) is a relativistic effect, which couples the electron’s

spin degree of freedom to its momentum and gradients of external potentials.

A detailed discussion of SOI can be found, e.g., in Kessler (1985) and Winkler

(2003). Since the beginnings of quantum mechanics it has been known that

SOI can affect the splitting of energy levels in atoms, molecules and solids.

The goal of Sec. 2.1 is to convey the consequences of SOI for crystalline solids.

With the object of investigation, Tl/Si(111)-(1×1), in mind, the priority of

Sec. 2.2 is set on the crystalline surface. Here, electronic states evolve, which

result from of the translational symmetry breaking along the surface normal:

surface states. It will be shown that with the broken 3D inversion symmetry

at the surface, surface states may become spin split. Notably, a spin splitting

only occurs if two conditions are fulfilled. (i) A potential gradient mediates the

spin-orbit coupling. Typically, the main contribution to the potential gradient

is provided by the potential of the atomic core in the vicinity of the surface-

state wavefunction. The heavier the element, the stronger is the spin-orbit

coupling. (ii) The charge distribution of the surface state is asymmetric along

one or more directions. An asymmetry along the surface normal leads to a spin

splitting, which can be described by the Rashba-Bychkov model. The stronger

the asymmetry, the larger is the spin splitting.

5



6 2.1 Spin-Orbit Interaction in Crystalline Solids

2.1 Spin-Orbit Interaction in Crystalline

Solids

Briefly, SOI can be understood as a result of the magnetic interaction of the

spin magnetic moment µ with a magnetic field B in the rest frame of the

moving electron, which arises in the presence of an electric field. In the nonrel-

ativistic limit of the Dirac equation, this is expressed by a relativistic correc-

tion in terms of a Zeeman-type contribution HSO = −µB to the Hamiltonian

of the system. SOI is probably best understood for atoms, where SOI gives

rise to the fine-structure splitting of atomic levels. Likewise, SOI is known to

have important consequences for the one-electron energy levels in crystalline

solids (Dresselhaus 1955, Dresselhaus et al. 2008). In crystalline solids, the

one-electron Hamiltonian including SOI is given by

H =
h̄2k2

2m∗
+ V (r) +

h̄2

4m∗2c2
(∇V × k) · σ, (2.1)

where h̄ is the reduced Planck constant, m∗ is the effective mass of the electron,

c is the velocity of light, V (r) is the lattice potential and k = p/h̄ is the wave

vector. σ is the vector of Pauli matrices and is related to the electron spin

S via σ = 2
h̄
S. Solving the Schrödinger equation, the electronic states of the

crystalline solid can be described by Bloch states Ψn,k,χ(r) with the eigenvalues

En,χ(k), the energy bands. Here, n denotes the quantum number and χ the

quantum number of the two spin degrees of freedom, which are denoted as +

and −, respectively.

Prominent examples to discuss spin-orbit-induced splittings in crystalline

solids are crystals with diamond and zinc blende structures, such as Ge and

GaAs, respectively. These lattices are equivalent but for the fact that the

two-atom basis of the zinc blende lattice consists of two different atoms, i.e.,

the zinc blende structure is not inversion symmetric. For both structures,

SOI leads to a splitting of the topmost valence band (Malone and Cohen

2013). This is, e.g., utilized in GaAs photocathodes to produce spin-polarized

electrons via excitation with circularly polarized light (Pierce and Meier 1976).

Intriguingly, in diamond structures each band is still at least twofold (spin-)
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degenerate, whereas in zinc blende structures a k-dependent spin splitting

occurs (Dresselhaus 1955, Cardona et al. 1988). How can this difference be

understood? In general, the degeneracies or nondegeneracies of the electronic

states are governed by (i) the symmetry of the crystal and (ii) the presence or

absence of time-reversal symmetry.

(i) The symmetry of the crystal is reflected in point group symmetry oper-

ations Ô of the crystal that leave at least one point of the lattice un-

moved and the crystal lattice unchanged V (Ôr) = V (r), e.g., rotations,

reflections and inversions. An electronic state Ψn,k,+(r) has then to be in-

variant under the transition r → Ôr. Therefore, in inversion-symmetric

crystals, where V (r) = V (−r), the two states Ψn,k,+(r) and Ψn,−k,+(r)

are degenerate:

En,+(k) = En,+(−k). (2.2)

(ii) Time-reversal symmetry denotes the invariance under the transition

t → −t. In other words, time-reversal symmetry preserves the de-

generacy under the transition k → −k with accompanying spin flip:

Ψn,k,+(r, t) = Ψn,−k,−(r, t). The corresponding eigenvalues have to fulfill

En,+(k) = En,−(−k). (2.3)

Ultimately, in the case of an inversion-symmetric solid and in the presence of

time-reversal symmetry, the Bloch states for every wave vector k are at least

twofold (spin-) degenerate, i.e., En,+(k) = En,−(k). However, if the electrons

move in an inversion-asymmetric potential, the spin degeneracy may be lifted:

En,+(k) 6= En,−(k). The symmetry of the crystal further determines the arising

spin quantization axes. For instance, with a mirror plane in the kx-kz plane

of the crystal, invariance under the transition ky → −ky has to be satisfied.

Therefore, in the kx-kz plane, only the spin degeneracy along ky is lifted. This

restriction does not apply right next to the mirror plane. Altogether, the in-

terplay between SOI and the symmetry of the crystal may give rise to complex

spin textures in reciprocal space.
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Figure 2.1 (a) Illustration of a spin-degenerate surface state with free-electron-like
dispersion. (b) Spin-orbit interaction lifts the spin degeneracy and two spin-split
surface-state components E+ (dotted lines) and E− (solid lines) are formed. The
spin-polarization direction (blue and red colored symbols and lines) is always per-
pendicular to k‖ and lies in the surface plane. The Rashba energy ER = |E0 − Em|
is defined as energy offset between the band crossing E0 and the band extremum
Em. The spin splitting can be interpreted as a linear splitting in k‖ = |k‖| of 2k0. k0
denotes the momentum shift of the band extremum away from the crossing point. (c)
Constant-energy contour of the spin-split surface state at E = EF (Fermi surface).
In the kx-ky plane, E+ and E− appear as concentric circularly shaped states with
antipodal spin-polarization direction.

2.2 Spin-Orbit Interaction at Surfaces

At the crystalline surface, the 3D inversion symmetry of the crystal is broken

in any case. As a result, the quasi-2D electronic states of the surface, the

surface states, may become spin split. Often, SOI-induced spin splittings of

quasi-2D and 2D electron systems are discussed for semiconductor quantum

wells in terms of two major contributions (D. D. Awschalom 2002, Winkler

2003, Dyakonov 2008): (i) The bulk inversion asymmetry (BIA) relates to the

symmetry of the underlying crystal and is also denoted as the Dresselhaus

contribution HD. (ii) The structure inversion asymmetry (SIA), also referred

to as Rashba contribution HR, results from an asymmetry of the confinement

potential.

In the simplest approach, a 2D electron system can be described by means

of a two-dimensional electron gas (2DEG), i.e., electrons, which are free to

move in two dimensions (x and y direction) but are strictly confined in the
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third (z direction). The electronic bands can then be described by a nearly-

free electron dispersion E(k‖), where k‖ = (kx, ky) is the wave vector in the

x-y plane. In this case, the symmetry of the crystal structure is irrelevant

and BIA-induced splittings vanish. However, a potential gradient ∇V = ∂V
∂z
ez

along the confining direction z may lead to a SIA-induced spin splitting. This

is often referred to as the Rashba-Bychkov or Rashba effect (Bychkov and

Rashba 1984). The Rashba spin splitting of E(k‖) is illustrated in Fig. 2.1

and is given by

E±(k‖) = E0 +
h̄2k2

‖

2m∗
± αR|k‖|, (2.4)

where E0 denotes the crossing point of the two spin states and ER the energy

difference between the band extremum and the crossing point. The Rashba pa-

rameter αR is a measure of the spin splitting and can be expressed as αR = h̄2k0
2m∗ ,

where k0 is the momentum shift of the band extremum away from the cross-

ing point. The quantization axis of the spin polarization lies in the surface

plane and is perpendicular to k‖. In the kx-ky plane, the state components

E± posses a circular shape with antipodal spin polarization (see Fig. 2.1 (c)).

The expectation value of the spin polarization is unity and the polarization

direction is determined by the sign of αR and the effective mass m∗ (see, e.g.,

Bentmann et al. (2011)).

This rather simple model for strictly 2D states is transferable to quasi-2D

surface states, which can be described by ΨS(k‖) = exp(i(kxx+ kyy))φ(z)

(Nagano et al. 2009).1 In this case, the magnitude of the spin splitting ER

relates to

αR ∝
∫

dr
∂V

∂z
|ΨS(k‖)|2. (2.5)

Importantly, spin splitting only occurs, if the surface-state wavefunction

squared along the z direction |φ(z)|2, i.e., the charge distribution of the sur-

face state along z, is asymmetric (Nagano et al. 2009). The magnitude of

the splitting is determined by the asymmetry of the charge distribution and

the Coulomb gradient (∂V
∂z

), which is dominant in the vicinity of the atomic

cores (Bihlmayer et al. 2007, Nagano et al. 2009, Bentmann et al. 2011).

Therefore, a surface state with localization close to the core of a heavy ele-

1For a strictly 2D state one has φ(z) = δ(z− z0), where z0 is the localization of the surface
state along the z direction.
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ment and with asymmetric charge distribution is likely to possess a large spin

splitting.

Actually, it has been demonstrated for several metal surfaces that SOI leads

to a spin splitting of surface states, with similar k-dependence as predicted by

the Rashba-Bychkov model. In particular, good agreement with the Rashba-

Bychkov model is found, if the surface state can be described by a nearly-free

electron gas. This is the case for, e.g., the surface states of Au and Cu in the

vicinity of the Γ̄ point (LaShell et al. 1996, Hochstrasser et al. 2002, Hoesch

et al. 2004, Tamai et al. 2013, Wissing et al. 2013). Notably, the observed spin

splittings are of the order 100meV (Ast et al. 2007, Gierz et al. 2009, Tamai

et al. 2013, Stolwijk et al. 2013), orders of magnitude larger than those found

in semiconductor heterostructures (0.1 − 10meV) (Winkler 2003, Henk et al.

2003).

On the other hand, the Rashba-Bychkov model often fails to describe essen-

tial properties of spin-orbit-split surface states, such as their E(k‖) dispersions

and their spin textures. Indeed, many surfaces exhibit surface states with large

anisotropic spin-orbit-induced spin splittings and complex spin textures, which

considerably deviate from the predictions of the Rashba-Bychkov model (Ast

et al. 2007, Meier et al. 2008, Sakamoto et al. 2009, Mirhosseini et al. 2009,

Takayama et al. 2011, Höpfner et al. 2012, Miyamoto et al. 2012b, a). Primarily,

this is due to the negligence of the symmetry of the surface, which ultimately

determines the dispersion and degeneracies and nondegeneracies of eigenval-

ues of the given system. This can also be discussed in terms of BIA related

contributions (Höpfner et al. 2012). Inversion-asymmetric surfaces may lead

to nonisotropic electric field gradients and in-plane asymmetries of the surface-

state wavefunction, which in turn relate to out-of-plane spin polarizations.

Therefore, to grasp all aspects of SOI-induced phenomena at surfaces, one is

in the need of sophisticated band structure calculations including spin-orbit

interaction and, first and foremost, measurements on the surface electronic

structure with sensitivity to all spin-polarization directions.

In this light, the unoccupied surface state of Tl/Si(111)-(1×1) can be viewed

as a prototypical system to study the interplay between the surface symmetry
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and SOI. In Ch. 4, it will be demonstrated that the C3v symmetry of the

Tl/Si(111)-(1×1) surface in combination with the strong spin-orbit coupling

of the Tl adlayer leads to a complex spin texture in momentum space beyond

the simple spin pattern predicted by the Rashba-Bychkov model.





3 Experiment
1

In the center of this thesis lies the unoccupied surface state of Tl/Si(111)-(1×1)

and its spin texture. Experimental access to the unoccupied surface state is

obtained via spin- and angle-resolved inverse photoemission. To shed light

onto the spin texture, which forms complex patterns in momentum space, one

of the project’s main objectives has been to implement 3D spin analysis in the

SR-IPE experiment to get access to all components of the spin polarization.

SR-IPE (Donath 1994, 1999) is the complementary method to spin- and angle-

resolved photoelectron spectroscopy (SARPES) (Johnson 1997, Heinzmann

and Dil 2012, Okuda and Kimura 2013). In SARPES, spin resolution is ob-

tained in the detection channel with the help of spin-polarization detectors

based on spin-orbit interaction, e.g., Mott scattering (Burnett et al. 1994) and

spin-polarized low-energy electron diffraction (SPLEED) (Kirschner and Feder

1979, Yu et al. 2007), or exchange interaction, e.g., in very-low-energy electron

diffraction detectors (Winkelmann et al. 2008, Okuda et al. 2008, Escher et al.

2011). In SR-IPE, spin resolution is achieved in the excitation channel by the

use of spin-polarized electrons. Thus, to implement 3D spin analysis, spin-

polarized electrons with variable polarization direction are needed.

In analogy to SARPES, where 3D spin detection is realized by using two spin-

polarization detectors (Hoesch et al. 2002, Okuda et al. 2011), one could think

of installing an additional electron source, but this requires a complicated

1Figures and text excerpts of this chapter have been published in (Stolwijk et al. 2014).
Reprinted with permission from (Stolwijk et al. 2014). Copyright 2014, AIP Publishing
LLC.
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setup with two lasers and two photocathodes. An alternative approach for

spin manipulation has been realized before. Magnetic fields are used to alter

the electron beam polarization direction, e.g., in spin-polarized electron sources

for appearance potential spectroscopy (Rangelov et al. 2000) or spin-polarized

low-energy electron microscopy experiments (Duden and Bauer 1995). This,

however, is disadvantageous, in that magnetic stray fields affect the angular

distribution of the electron beam and, as a consequence, limit the momen-

tum resolution. Hence, spin-polarized electron sources for inverse photoemis-

sion have been restricted to one spin-polarization direction, so far. In this

work, a ROtatable Spin-polarized Electron source (ROSE) has been devel-

oped, which enables 3D spin analysis by embedding a variable rotation of

the source chamber. It produces a transversally spin-polarized electron beam,

whose polarization direction can be chosen freely. This allows investigations of

the spin-dependent unoccupied electronic structure with sensitivity to two in-

plane spin-polarization directions and, for nonnormal electron incidence, with

sensitivity to the out-of-plane spin-polarization component. Importantly, as

the pressure in the source chamber during rotation stays below 5×10−10 mbar,

measurements with different sensitivities can be conducted at one and the same

sample preparation.

In the following, an introduction to the basic concept of SR-IPE is given in

Sec. 3.1. General aspects of the experimental setup and the most relevant tech-

niques employed in this thesis will be briefly addressed in Sec. 3.2. The ROSE

is presented in Sec. 3.3. Constructional details of the ROSE are described in

Sec. 3.3.1, whereas the experimental characterization of the ROSE is part of

Sec. 3.3.2. Finally, the performance of the SR-IPE experiment with the ROSE

is demonstrated on the basis of two examples in Sec. 3.4: SR-IPE of ferromag-

netic Ni/W(110) (Sec. 3.4.1) and SR-IPE of the prototypical Rashba-system

Au(111) (Sec. 3.4.2).
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3.1 Spin- and Angle-Resolved Inverse

Photoemission

Inverse photoemission (IPE) can be viewed as Bremsstrahlung spectroscopy,

where a solid is bombarded with low-energy electrons (Dose 1977, 1985, Smith

1988). IPE is a form of spontaneous emission and is often regarded as the time-

reversed process to photoemission (PE). An electron in an excited state of the

system decays into a state with lower energy and emits a quantum of energy

of light. In IPE experiments, this is utilized to investigate the unoccupied

electronic structure E(k) of solids (Pendry 1980). In SR-IPE experiments,

information on the spin-dependent surface electronic structure is obtained by

resolving the energy Ekin, the angle of electron incidence θ, which is related

to the momentum k, and the spin polarization P of the electrons. SR-IPE

becomes surface sensitive by the use of electrons with kinetic energies in the

electron volt range (Ekin = 7−20 eV), because of the shortness (≈ 10Å) of the

corresponding electron mean free path (Powell 1988). A detailed description of

IPE and SR-IPE can be found in Dose (1985), Smith (1988), Himpsel (1990),

Donath (1994) and Donath (1999). The most relevant aspects of IPE and

SR-IPE for this thesis will be briefly described in the following:

The IPE process is schematically shown in Fig. 3.1 (a). An impinging electron

with defined energy Ekin and momentum k couples to an unoccupied state of

the sample, also referred to as initial state |i〉. Coupling is efficient, if the over-

lap of the free-electron plane wave and the wave function of the initial state

is large. This explicitly depends on the symmetry of the initial state and is

strongest for bands with nearly-free electron character (Dose 1985). The elec-

tron may then radiatively decay into a lower lying state, the final state |f〉. An

IPE transition can be described within the dipole approximation. A specific

dipole transition relates to a specific dipole axis, which leads to a distinct angu-

lar distribution of the photon emission (Eberhardt and Himpsel 1980, Desinger

et al. 1984, Donath et al. 1986, Fauster et al. 1989). The transition probability

from an initial state |i〉 to a final state |f〉 can be expressed via a transition ma-

trix 〈f |A · p |i〉, where A is the vector potential of the electromagnetic wave
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Figure 3.1 (a) Illustration of the IPE transition in the reduced zone scheme. A
free electron couples to an unoccupied state of the crystal, the initial state |i〉 and
radiatively decays into a lower lying unoccupied state, the final state |f〉. The emit-
ted photon has an energy of h̄ω = Ei − Ef . (b) Definition of the angle of electron
incidence θ and the photon emission angle α with respect to the surface normal n.
(c) Visualization of the isochromat mode of the IPE experiment. The initial state
energy Ei is swept, while the photon detection energy h̄ω is kept constant. As a
result, the experiment scans the final state energy Ef .

and p is the momentum operator (Eberhardt and Himpsel 1980).

Considering the conditions of conservation of energy, the energy Ei of the

initial state is in a fixed relation to the energy of the emitted photon Eph = h̄ω

and the final state energy Ef :

h̄ω = Ei − Ef = Ekin + EV − Ef , (3.1)

where Ei can be expressed by the kinetic energy Ekin of the free electron

and the vacuum level EV of the sample (EV − EF is also referred to as the

work function of the sample, where EF is the Fermi level). Regarding the

conservation of momentum, the momentum parallel to the surface plane k‖ is

conserved. Its absolute value can be expressed as

k‖ =

√

2me

h̄2
·
√

Ekin · sin θ =

√

2me

h̄2
·
√

h̄ω + Ef − EV · sin θ, (3.2)

where me denotes the mass of a free electron, h̄ the reduced Planck constant

and θ the angle of electron incidence (see Fig. 3.1 (b)). The momentum per-

pendicular to the surface k⊥ is affected by the vacuum-solid boundary and is

not conserved.
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Two-dimensional states such as surface states are independent of k⊥ and are

completely characterized by the E(k‖) dispersion. This is directly accessible by

the IPE experiment and can be obtained as follows. In this work, the IPE ex-

periments are operated in the isochromat mode (see Fig. 3.1 (c)). The kinetic

energy of the incident electrons and, thereby, Ei is swept, while the emitted

photons are detected with a fixed mean detection energy. Thereby, the final

state energy Ef is scanned. An IPE transition may be observed as a peak-like

feature in photon yield (intensity) versus kinetic energy curves, in analogy to

energy distribution curves in photoelectron spectroscopy experiments. By ana-

lyzing the energetic position Ef of the surface-state emission for different angles

of electron incidence, E(k‖) is obtained with the help of equation 3.2. Here,

three independent methods are used to obtain reliable values for Ef . (i) The

positions Ef are determined by fitting a function I = W ∗[(∑
i

Li+B)(1−f(E))]

to the SR-IPE spectra, where W is the apparatus function, f(E) the Fermi

distribution, Li the considered Lorenzian-shaped state emissions and B the

background intensity (see also Stolwijk et al. (2010)). The fit parameters are

the energetic positions and the widths of the state emissions. Appropriate

backgrounds are chosen taking also into account states at higher/lower ener-

gies. Variations of the background are considered to get a measure of the

confidence interval. (ii) The minima of the second derivatives of the SR-IPE

spectra are analyzed. Ideally, their energetic positions correspond to the ener-

getic positions of the state emissions (see also appendix A.2). Note that this

procedure only leads to reasonable results as long as the background intensity

can be treated as a polynomial up to the order E2. (iii) The positions Ef are

determined by an estimation based on the experience of the experimentalist.

In systems where the spin degeneracy of the states is removed, e.g., due to

ferromagnetism or SOI (see Sec. 2), the respective spin states S have to be

considered. The spin-polarization expectation value P = 〈S〉 of |f〉 and |i〉 is

generally less than unity (Henk et al. 1996), whereas P of the free electron

is unity. Here, P is not to be mistaken as the spin-polarization value of the

electron beam P , which is defined for the electron ensemble and is, typically,

less than 100%. The spin-polarization direction of the impinging electrons

determines the spin sensitivity of the SR-IPE experiment. In this context, an

important aspect in SR-IPE measurements deals with the presentation of the
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gathered data. To account for an incomplete electron beam polarization P ,

the raw data have to be normalized to 100% beam polarization. Additionally,

one has to consider the angle Φ between the quantization axis of the electron

spin polarization and the spin quantization axis of the sample. The raw data

are then normalized to 100% effective beam polarization, see for instance in

Donath (1994). If N↑ and N↓ are the raw data of the two spin channels, the

normalized data I↑ and I↓ are determined by

I↑,↓ =
N↑ +N↓

2
·
(

1± N↑ −N↓

N↑ +N↓

· 1

P cosΦ

)

.

Normalization is not possible, if Φ is not known. In the case that the measure-

ment is simultaneously sensitive to two spin-polarization directions, additional

information is mandatory. Additional information from other experiments or

symmetry arguments can help to exclude the existence of one of the possible

polarization directions. Note that for SARPES experiments the same consid-

erations apply. There, the raw data is normalized to the effective Sherman

function S of the spin-polarization detector.

Conclusively, 3D spin analysis in SR-IPE has to be achieved in the excitation

channel by the use of electron beams with variable spin-polarization direction.

The following sections are concerned with the experimental realization.

3.2 Experimental Setup

The employed SR-IPE experiment is part of a multi-chamber ultra-high vac-

uum system, which is schematically shown in Fig. 3.2. Several publications

give a detailed description and demonstrate the performance of this setup (Yu

et al. 2007, Budke et al. 2007b, a, Budke and Donath 2008, 2009, Allmers and

Donath 2009, Stolwijk et al. 2010, Allmers and Donath 2010, Allmers et al.

2011). Basically, it consists of three units (see Fig. 3.2 (a)): the preparation

chamber (P), the microscopy chamber (M) and the analysis chamber (A). The

chambers are connected via a sample transfer system.
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Figure 3.2 (a) Schematic drawing (not to scale) of the multi-chamber ultra-high
vacuum system with the preparation chamber (P), the microscopy chamber (M),
the analysis chamber (A) and the electron source chamber (E). The chambers are
connected via a sample transfer system. Samples can be inserted into the system
via a load lock (L) and stored in UHV (S). (b) (S)ARPES equipment (not to scale).
The (S)ARPES experiment consists of a gas discharge lamp and an electron-energy
analyzer/SPLEED combination. The polar (azimuthal) angle of photon incidence
with respect to the surface normal n is α = 30◦ (β = 35◦). The electron-energy
analyzer is mounted on a goniometer to vary the angle of electron emission θ. (c)
The SR-IPE setup (not to scale) includes the spin-polarized electron source (shown
is only the last part of the electron-transfer optics) and four Geiger counters (C1,
C2, C3 and C4). The photon detectors are fixed, while the sample is rotated to
vary the angle of electron incidence θ. The polar angle of photon detection α of the
counters depends on θ. For θ = 0◦, the photon detection angles are denoted as α0.
β denotes the azimuthal angle of photon detection. Data shown in this thesis were
mainly detected with counter C1 (green).

The preparation chamber is equipped with standard tools of surface science

for film growth and film characterization. It provides several evaporators and

an ion sputter gun. The manipulator accepts Omicron flag-style sample plates

and allows sample cooling to 115K with liquid nitrogen and indirect heating

up to 1200K. To enable fast heating to high temperatures (flashing) up to

2500K, the chamber is equipped with an electron bombardment station (Stol-

wijk 2009). Moreover, the preparation chamber includes sample characteriza-

tion techniques such as low-energy electron diffraction (LEED) (Kittel 1967,

Kopitzki 1989, Henzler and Goepel 1994), medium-energy electron diffrac-

tion (MEED)2, Auger electron spectroscopy (AES) (Auger 1925, Linsmeier

1994) and an in-situ magneto-optical Kerr-effect (MOKE) setup (Kerr 1877,

Polisetty et al. 2008, Allmers and Donath 2010).

2Similar to high-energy electron diffraction (L.M. Peng 2011).
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The microscopy chamber features a scanning tunneling microscope from Omi-

cron NanoTechnology GmbH. A detailed introduction to STM can be found

in Binnig and Rohrer (2000) and Chen (2008). In this work, STM is used to

characterize the topography of the studied films.

At the heart of the experiment lies the analysis chamber with a unique

combined setup for direct and inverse spin- and angle-resolved photoemis-

sion (Budke et al. 2007a). In the course of this work, the analysis chamber

has been equipped with a 5-axis manipulator from VG Scienta (Cryoax 5 with

Omniax 200mm Z slide module and ±25mm XY stage) with nonmagnetic

Omicron flag-style sample holder (SH2). It enables cooling of the sample to

60K or to 120K by the use of liquid helium or liquid nitrogen, respectively.

Indirect heating to 1200K is possible. A key feature of the manipulator is the

possibility to rotate the sample about two axes. Rotation about the manipula-

tor axis is denoted as primary rotation θ. Rotation about the surface normal

varies the azimuth ϕ of the sample. The equipment for the (i) SARPES and

(ii) SR-IPE experiment is schematically illustrated in Figs. 3.2 (b) and (c),

respectively.

(i) The SARPES setup consists of a HIS 13 gas discharge lamp from Focus

GmbH (Schönhense and Heinzmann 1983) and an electron-energy ana-

lyzer (50mm hemispherical sector analyzer SHA50 from Focus GmbH).

The analyzer is mounted on a goniometer to change the electron-emission

angle without changing the incidence angle of light. The experiment can

be operated in a spin-resolved (SARPES) and a spin-integrated mode

(ARPES). Spin resolution is achieved with a SPLEED detector (Focus

GmbH) (Kirschner and Feder 1979, Yu et al. 2007) attached to the

analyzer. The Sherman function S of the SPLEED detector is about

S = 0.24 (Budke et al. 2007a). The energy resolution ∆EPE of the

ARPES/SARPES experiment depends on the pass energy of the elec-

tron analyzer and ranges from 50 to 160meV full width at half maxi-

mum (FWHM). The angular resolution ∆θPE is approximately ∆θ = 2◦

(FWHM) (Budke et al. 2007a, Allmers 2009).

(ii) The SR-IPE experiment includes four bandpass photon detectors (C1-
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C4), i.e., Geiger counters using acetone as counting gas and CaF2 en-

trance windows (Budke et al. 2007b, Thiede 2010). This combination

creates an optical bandpass, which depends on the temperature TCaF2
of

the CaF2 entrance window. At room temperature, a bandpass of about

320meV (FWHM) with a mean detection energy of 9.9 eV is obtained.

Two detectors (C2 and C4) posses heatable CaF2 entrance windows to

optimize the total energy resolution of the SR-IPE experiment. A char-

acterization of the bandpass and the energy resolution will be shown in

section 3.3.2. Additionally, two detectors (C1 and C4) are mounted on

linear drives to allow a close approach to the sample. Thereby, the

solid angle of photon collection is enlarged and the photon yield in-

creased. To measure angular-dependent photon yields, the detectors are

positioned at various angles with respect to the surface normal as de-

noted in Fig. 3.2 (c). The spin-polarized electron source for the SR-IPE

experiment, the ROSE, is located in the source chamber (E), which is

connected with the analysis chamber via electron transfer optics. A de-

tailed discussion of the ROSE is presented in the following section.

3.3 The Rotatable Spin-Polarized Electron

Source

3.3.1 Constructional Details and Quantization Axes

Briefly, the principle of the ROSE is as follows. A circularly polarized laser

beam excites spin-polarized electrons at an activated GaAs photocathode as

described in Pierce and Meier (1976) and Pierce et al. (1980). These are ex-

tracted by an emission lens and guided through a toroidal electrostatic deflector

with a slit aperture at the focal point of the deflector exit. The deflector and

slit form the energy-selective element. Additionally, the spin polarization of

the electron beam is changed from initially longitudinal to transversal. After

passing the slit aperture, the electrons enter the transfer part of the electron

optics and are guided through a gate valve into the analysis chamber onto the
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Figure 3.3 (a) Schematic drawing of the transfer optics of the ROSE in the vicinity of
the gate valve. Former (left-hand side) and new design (right-hand side) with screen-
ing tube and condenser plates, respectively. The upper part of the electron optics
(indicated by the dotted box) is rotated along with the source chamber. (b) Tech-
nical drawing of the ROSE. The differentially pumped rotary feedthroughs (DPRF),
the gate valve and the electron optics are colored in blue. The source chamber can
be rotated along the transfer-optics axis as illustrated by the black arrows.

sample. The gate valve is located in the middle of the transfer optics and can

separate the source chamber from the analysis chamber. This is necessary to

avoid contamination of the sample during the preparation procedure of the

GaAs photoemitter and vice versa.

Up to now, spin-polarized electron sources for inverse-photoemission exper-

iments provided only one fixed polarization direction, with the polarization

vector being either perpendicular (Wissing et al. 2013) or parallel (Donath

1994) to the plane of incidence, as shown in Figs. 3.4 (c) and (d), respectively.

Here, a straightforward way to establish an in-situ variation of the transverse

polarization of the electron beam is realized by introducing a rotatable source

chamber. For this purpose, two major modifications have been applied to the

previous electron source (Budke et al. 2007b).

(i) To implement the gate valve within the electron transfer optics, in previous

electron sources a removable screening tube at lens potential was used to bridge

the gap between the two parts of the lens element E2 (see left hand side of

Fig. 3.3 (a) and Kolac et al. (1988)). In the course of the electron source
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reconstruction, this mechanical system was replaced by two graphite-coated

circular condenser plates at the ends of the lens elements E2, as shown in

Fig. 3.3 (a) (right-hand side). This has two advantages: First, the mounting

of a removable screening tube and its supporting guide rail in combination with

rotatable optic parts is not a trivial task. Second, the new design abstains from

moving mechanical parts, which may become a source of failure. To ensure a

homogeneous electrical field in the region of the electron beam, the diameter of

the condenser plates is maximized (d = 60mm) and the distance between the

condenser plates is as small as possible (w = 27mm), while still leaving enough

room for the gate-valve plate. The beam properties were left unchanged by

this modification. At the same time, the gap in the transfer optics constitutes

a constructional separation and, therefore, a rotation of the two parts relative

to each other is unproblematic. In the setup presented in the scope of this

thesis, the optics part attached to the source chamber is rotated with the

source chamber, while the other part remains fixed.

(ii) The source chamber is attached between two differentially pumped rotary

feedthroughs (DPRF) as shown in Fig. 3.3 (b), which carry the load of the

source chamber. It should be noted that this setup demands for a highly

accurate alignment of the source-chamber flanges and rotary drives, as irregular

axial stress would likely break the sealing of the differentially pumped rotary

drives. Therefore, prior to mounting, the source chamber flanges have been

mechanically aligned to be parallel with an accuracy of below 0.1◦. In addition,

two compensation elements in the form of bellows are embedded to equalize

small tilts. As a result, one is able to perform a continuous rotation of the

source chamber around the transfer optics axis. Since the part of the transfer

optics up to the gate valve is attached to the rotary drive it is rotated as

well. This motivated the modification described in (i). The rotary drives are

attached to a turbo-molecular pump/rotary pump combination to ensure UHV

conditions in the source chamber. The base pressure of the electron source

is less than 1× 10−10 mbar and stays below 5× 10−10 mbar during rotation.

Hence, the GaAs photocathode and, for the case that the gate valve is open,

the sample condition remain unaffected.

By selecting the vertical and horizontal orientation of the electron source as



24 3.3 The Rotatable Spin-Polarized Electron Source

sample

φ

k||

n

θ

DPRF

gate
valve

to sample

laser

DPRF

gate
valve

to sample

laser

vertical
setup

horizontal
setup

to pump
to pump

sample

φ

k||

n
GaAs

P
deflectorP=29%

θ

laserd
e
fl
e
c
to

r

P

GaAs

P=29%

laser

p 5ˣ10 mbar!
-10

t < 10 min

hωhω

σ σ
+ -
,

σ σ
+ -
,

(a) (b)

(c) (d)

Figure 3.4 (a,b) Technical drawing and (c,d) schematic view of the ROSE in (a,c)
vertical and (b,d) horizontal setup. The schematic representation of the (c) vertical
and (d) horizontal setup of the ROSE illustrates the spin-polarization direction of the
electron beam, which is perpendicular (vertical setup) or parallel (horizontal setup)
to the plane of incidence. Sensitivity to the in-plane spin-polarization direction, i.e.,
parallel to the surface and perpendicular (vertical setup) or parallel (horizontal) to
the plane of incidence is obtained. Additionally, in the horizontal setup for θ 6= 0◦,
out-of-plane sensitivity is realized.
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shown in Figs. 3.4 (a) and (b), respectively, it is possible to analyze two orthog-

onal in-plane spin-polarization directions. This becomes clear in the schematic

view of the vertical and horizontal setup (see Figs. 3.4 (c) and (d)). In the

vertical (horizontal) setup, the SR-IPE experiment is sensitive to the in-plane

spin-polarization direction perpendicular (parallel) to the plane of incidence,

which is denoted as in-plane⊥ (in-plane‖) direction. In the case of horizontal

orientation and nonnormal electron incidence, i.e., θ 6= 0◦, the experiment is

simultaneously sensitive to the in-plane‖ and the out-of-plane spin-polarization

component (see polarization components in Fig. 3.4 (d)). Switching between

horizontal and vertical position takes about five to ten minutes time. After

rotation, only minor corrections have to be made to the electron beam align-

ment.

3.3.2 Characterization

In this section the inverse-photoemission experiment using the ROSE is put

to the test and the essential parameters of the experiment are determined: (i)

the spin polarization P , (ii) the width of the electron-energy distribution ∆Eel,

(iii) the angular resolution ∆θ, (iv) the spot size del and (v) the total energy

resolution ∆E of the SR-IPE experiment. It is emphasized that a rotation of

the ROSE does not vary these values.

(i) The spin polarization P of the electron beam is determined with the

SPLEED detector of the photoemission setup as sketched in Figs. 3.5 (a) and

(b). The SPLEED detector is sensitive to the spin-polarization direction of

the electron beam parallel to the plane of incidence (in-plane‖) according to

Fig. 3.4 (d). Fig. 3.5 (c) shows the spin-resolved intensity distribution (the

SPLEED channeltron intensities N1 and N2) of the electron beam with arbi-

trarily chosen energy E0. The obtained spin asymmetry A = SP = 0.071 is

composed of P and the Sherman function S of the detector. With the analysis

employed in Budke et al. (2007a) a spin polarization of P = 29% is found,

which is in agreement with typical values of GaAs photocathodes.

(ii) The width of the electron-energy distribution ∆Eel is determined by ana-
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Figure 3.5 (a) Calibration of the electron beam spin polarization with the SARPES
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beam is guided onto the W(001) crystal of the SPLEED detector. (c) Spin-resolved
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Figure 3.6 (a) Intensity maps of the electron beam for different positions z behind
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width w (FWHM) of the electron beam is analyzed. The slope a of w(z) relates to
the angular resolution ∆θ = arctan(a).



Chapter 3 ROSE 27

lyzing the width ∆EI of the intensity distribution from the measurement in

Fig. 3.5 (c). ∆EI is a convolution of ∆Eel with the energy resolution of the

electron analyzer ∆EA: ∆E2
I = ∆E2

el +∆E2
A. With ∆EI ≈ 160meV (FWHM)

(see Fig. 3.5(c)) and ∆EA ≈ 95meV (FWHM), one obtains ∆Eel ≈ 129meV.

(iii) The momentum resolution ∆k of the inverse-photoemission experiment

solely depends on the beam divergence of the electron beam. In order to

get a measure of the angular resolution ∆θ, the intensity distribution of the

electron beam is mapped with a Faraday cup at three different distances z

behind the last lens element (see Fig. 3.6 (a)). For each position, the width

of the electron beam w (FWHM) is extracted. ∆θ is derived as schematically

shown in Fig. 3.6 (b). Deviations from a Gaussian-shaped profile are observed

and interpreted as a consequence of astigmatism of the electron transfer optics.

The data reveal a beam divergence of ±1.5◦, i.e., a total angular resolution of

∆θ = 3◦, which corresponds to a resolution of the wave vector parallel to the

surface at the Fermi level and normal electron incidence of ∆k‖,F ≈ 0.06 Å−1.

(iv) An ideal electron source would be a point source, followed by an electron

optics without lens aberrations. In this case, a truly parallel electron beam

can be formed. A real electron source, however, suffers from a finite emission

spot (here given by the size of the laser spot), lens aberrations and electron-

electron Coulomb repulsion, which becomes increasingly important for low

beam energies (here 7 to 20 eV) and high current densities. Therefore, the

beam is optimized with respect to parallelism, i.e., high momentum resolution,

at the cost of a small beam size. A beam size del of less than 2mm (FWHM)

is achieved at the sample located at z = 25mm with beam currents of a few

µA (see Fig. 3.6 (a)). For smaller samples, apertures can be used at the last

lens element to restrict the beam diameter.

(v) The total energy resolution ∆E of the employed SR-IPE experiment is

given by the energy distribution of the electron beam and the width of the

bandpass photon detector, the Geiger counter. Experimentally, ∆E is deter-

mined by a measurement of the Fermi edge at a polycrystalline Ta sample

plate. The energy resolution is derived by simulating the obtained spectra

as discussed in Budke et al. (2007b). It is assumed that the observed spec-
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Figure 3.7 Measurements of the Fermi edge at a polycrystalline Ta sample for (a)
TCaF2

= 297K and (b) TCaF2
= 473K of the entrance window of the Geiger counter.

Solid lines represent simulated spectra I(E) to deduce the total energy resolution
∆E of the SR-IPE experiment. Dashed lines show simulated spectra with higher
or lower energy resolution to represent confidence intervals. (c) Determination of
the optical bandpass with the help of the acetone photoionization cross section I
(black markers and line) from Cool et al. (2005) and the transmission cut-off T of
the CaF2 entrance window (gray line) at room temperature. The bandpass (blue
markers and line) is obtained via B = I · T and possesses a width (FWHM) of about
∆Eopt = 320meV.

tral intensity I(E) is composed of a constant background b plus a linear slope

a(E), multiplied by 1 minus the Fermi function f(E) and convoluted with the

respective apparatus function W : I(E) = W ∗ [(b+ aE)(1− f(E))]. The full

width at half maximum of W represents the energy resolution ∆E of the exper-

iment and is varied to fit the spectra. In the presented setup, to improve the

total energy resolution, the optical bandpass of the Geiger counter can be re-

duced by heating its CaF2 entrance window (Budke et al. 2007b). Figs. 3.7 (a)

and (b) show the Fermi edge of the polycrystalline Ta for TCaF2
= 297K and

TCaF2
= 473K, respectively. A total energy resolution of 350meV and 250 meV

is obtained, respectively, in agreement with values found prior to the applied

modifications discussed in Sec. 3.3.1. The optical bandpass is determined by

the ionization threshold of the acetone gas (see, e.g., Cool et al. (2005)) and
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the transmission cut-off of the employed CaF2 window.3 The multiplication

of the threshold with the transmission cut-off represents the optical bandpass

(see Fig. 3.7 (c)). At TCaF2
= 297K, ∆Eopt amounts to ∆Eopt ≈ 320meV

(FWHM). Accordingly, the width of the electron energy distribution is deter-

mined to ∆Eel = (140± 20)meV, in agreement with ∆Eel found in (ii).

3.4 Performance

Experiments on Ni/W(110) and Au(111) demonstrate the performance of the

SR-IPE experiment with the ROSE.

3.4.1 Ni/W(110)

The variable spin sensitivity of the ROSE is demonstrated by means of SR-IPE

measurements on the spin-dependent surface electronic structure of a Ni(111)

film on W(110). A Ni(111) film with a thickness of 20 monolayers was epitaxi-

ally grown on a W(110) single crystal, which had been cleaned by several cycles

of heating to 1500K for 10min at an oxygen partial pressure of 5× 10−8 mbar

and subsequent flashing to 2300K. Annealing of the Ni film up to 600K for

10min produced a well ordered surface with a sharp diffraction pattern (see

Fig. 3.8 (a)). The Ni(111) film is magnetized along the in-plane easy axis [1̄10]

(Γ̄K̄ direction) (Farle et al. 1990) between two coils with a total magnetic field

strength of 500G. This leads to a remanently magnetized film as indicated by

the in-situ magneto-optical Kerr-effect measurement (see Fig. 3.8 (b)).

With the state of the film magnetization exactly known, i.e., fixed quantization

axis along Γ̄K̄, the spin-polarization directions of the electron beam can be de-

termined with the help of SR-IPE measurements. The basic approach is as

follows. A SR-IPE spectrum is measured at a fixed angle of electron incidence

θ = 40◦ under four different conditions. For the first two measurements, the

3The transmission cut-off of the CaF2 window used in this counter was measured in a
separate setup (Thiede 2010).
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Figure 3.8 (a) Low-energy electron diffraction image of the Ni(111) film and (b)
magneto-optical Kerr-effect measurement (MOKE) with the magnetization direction
along Γ̄K̄.
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ROSE is in the vertical position, i.e., the spin polarization is perpendicular to

the plane of incidence. In this geometry, spectra are taken with the magnetiza-

tion direction M perpendicular and parallel to the plane of incidence, simply

by varying the azimuth ϕ of the sample. Corresponding measurements are con-

ducted with the ROSE in the horizontal position. Note that in the latter case

the effective beam polarization is reduced by cos 40◦. For the electron beam

spin polarization P being parallel to the magnetization direction (M ‖ P),

spin-dependent features are expected, whereas in the case of perpendicular

alignment (M ⊥ P) no polarization should be observed.

The spectra are shown in Fig. 3.9. Small red up- and blue down-pointing trian-

gles and small purple up- and orange down-pointing triangles represent the raw

data obtained with the ROSE in vertical and horizontal position, respectively.

The normalized data are shown as large colored triangles. In each spectrum,

a bulk d-like state Bd and a bulk sp-like state Bsp is observed, in agreement

with SR-IPE data of Ni(111) bulk single-crystals (Donath 1994).

With the magnetization direction and electron spin polarization pointing per-

pendicular to the plane of incidence (M ‖ P, upper left spectrum), clearly, the

minority character of Bd and the exchange splitting of Bsp are identified. By

changing the azimuth of the sample, so that the magnetization direction lies

now in the plane of incidence (M ⊥ P, upper right spectrum), spin sensitivity

is lost. With a rotation of the ROSE to the horizontal position spin sensitivity

is regained (M ‖ P, lower right spectrum) and lost again if the magneti-

zation direction is set to be perpendicular to the plane of incidence (M ⊥ P,

lower left spectrum). Notably, the spin-integrated spectra along corresponding

high-symmetry lines are almost identical. In particular, considering the steep

dispersion of Bsp (Donath 1994), a rotation of the ROSE, therefore, does not

significantly alter the angle of electron incidence. Also the sample condition

is not affected. Evidently, the ROSE gives access to two orthogonal in-plane

spin-polarization directions, the in-plane⊥ and the in-plane‖ spin-polarization

direction.
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3.4.2 Au(111)

The study of the Au(111) surface highlights the importance of a correct electron

beam and sample alignment, when investigating samples with spin textures

that are more complex than in ferromagnetic systems, such as Ni/W(110),

with a single spin quantization axis along the magnetization direction.

The Au(111) surface is discussed in several theoretical and (S)ARPES stud-

ies and is the prototypical Rashba system (Paniago et al. 1995, LaShell et al.

1996, Nicolay et al. 2001, Henk et al. 2003, Reinert 2003, Hoesch et al. 2004,

Henk et al. 2004a, b). It features a nearly-free-electron-like dispersing spin-

orbit-split Shockley surface state, which exhibits a spin texture as predicted

by the Rashba-Bychkov model. Recently, SR-IPE investigations confirmed

the Rashba-type spin texture of the unoccupied part of the Au(111) surface

state (Wissing et al. 2013). Deviations from a nearly-free-electron-like dis-

persion occur as soon as the surface state approaches the gap boundary and

becomes a surface-resonant state. Fig. 3.10 (a) shows a sketch of the E(k‖)

dispersion of the Au(111) surface state in the vicinity of Γ̄, where only minor

deviations from a parabolic dispersion occur.

As a first step, the spin-orbit-split surface state is identified with the help

of SR-IPE measurements for three angles of electron incidence θ along Γ̄M̄

as illustrated in Fig. 3.10 (a): θ = 14◦, 7◦ and 0◦. Prior to the experiment,

the Au(111) surface was cleaned by several cycles of sputtering and annealing,

whereas the cleanliness and crystalline quality of the surface were checked with

AES, LEED, and STM. Fig. 3.10 (b) presents the SR-IPE data. The angle of

electron incidence θ has been calibrated with the help of additional SR-IPE

measurements (see Fig. 3.10 (c)). The sensitivity of the experiment is set to

the in-plane⊥ spin-polarization direction as denoted by the red up- and blue

down-pointing triangles. Spectra have been normalized to 100% in-plane⊥ spin

polarization of the electron beam.

(i) At θ = 14◦, both spin-orbit-split surface-state components E+ and E−

are completely unoccupied. These can be clearly observed in the SR-IPE

spectrum. The energy splitting is approximately ∆E ≈ 150meV.
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Figure 3.10 (a) Sketch of the Au(111) Shockley surface state in the vicinity of
the Γ̄ point along Γ̄M̄. The spin-polarization direction of the two spin-orbit-split
surface-state components is in-plane and perpendicular to k‖ (in-plane⊥). SR-IPE
measurements at constant angles of electron incidence θ scan the surface state as
illustrated by the dotted lines. (b) SR-IPE measurements of the Au(111) surface
with sensitivity to the in-plane⊥ spin-polarization direction along Γ̄M̄ for θ = 0◦, 7◦

and 14◦. (c) (upper graph) Spin-resolved intensity at E = 0.27 eV for different angles
of electron incidence θ and (lower graph) according spin-asymmetry data.

(ii) The spin-orbit-split surface-state components become unoccupied for mo-

menta parallel to the surface of about k‖,+ ≈ 0.15Å−1 and k‖,− ≈ 0.18Å−1,

respectively. At θ = 7◦ (k‖,+,− ≈ 0.13Å−1), both surface-state compo-

nents are located below EF. However, spectral intensity close to EF is

observed. This is a consequence of the limited momentum resolution

in combination with the Fermi-level cut-off and the finite lifetime of

the surface state of the SR-IPE experiment (Wissing et al. 2013). In

addition, the observed peak positions close to EF are influenced by the

limited energy resolution and do not necessarily represent the final-state

energies (Donath 1989, Budke et al. 2007a, Stolwijk et al. 2010). The

observed intensity difference between both spin channels is owed to the

fact that one spin component is located closer to EF than the other.

(iii) At θ = 0◦ (Γ̄), the surface-state components are degenerate and com-
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pletely occupied. In the SR-IPE spectra, a small spectral intensity close

to the Fermi level remains. In agreement with the Rashba-Bychkov

model, no in-plane⊥ spin polarization is detected. Note that the ob-

servation of spin asymmetry close to the Fermi level is highly sensitive

to slight variations of θ, e.g, for −2◦ and 3◦ intensity asymmetries are

detected, due to the same reasons as discussed for θ = 7◦ (Wissing et al.

2013). In return, this can be used to calibrate θ. Fig. 3.10 (c) presents a

measurement of the spin-resolved intensity at E = 0.27 eV as a function

of θ. The spin-asymmetry data (A = (I↑ − I↓)/(I↑ + I↓)) illustrate the

reversal of the spin-polarization direction between positive and negative

angles. Spin asymmetry is only absent at θ = 0◦.

Clearly, the measurements detect the Au(111) spin-orbit-split Shockley surface

state. As predicted by the Rashba-Bychkov model the states are in-plane⊥ spin

polarized.

The Γ̄M̄ direction lies in the mirror plane of the system and out-of-plane spin

polarization is neither expected theoretically (Henk et al. 2004b) nor mea-

sured by SARPES experiments (Hoesch et al. 2004). In Fig. 3.11 (a), the

SR-IPE measurement for θ = 7◦ along Γ̄M̄ with the spin sensitivity set to

the out-of-plane/in-plane‖ spin-polarization direction (purple up- and orange

down-pointing triangles) is able to confirm this finding. Intriguingly, spin

asymmetries are observed, when the electron beam is intentionally tilted by γ

along the direction orthogonal to Γ̄M̄. Fig. 3.11 (b) presents SR-IPE spectra

taken at θ = 7◦ with a tilt of about γ = 5◦ and γ = −5◦. Obviously, the spin

quantization axis of the surface state has changed so that out-of-plane and/or

in-plane‖ spin-polarization components emerge. This would be impossible for

systems with fixed spin quantization axis such as ferromagnetic surfaces. Note

that a normalization to 100% in-plane‖ beam polarization has been applied,

without knowing the exact spin quantization axis.

By way of trial, it is assumed that the observed spin asymmetry is a result of a

pure out-of-plane spin polarization. In this case, a normalization to 100% out-

of-plane beam polarization has to be applied. The resulting spectra are shown

in Fig. 3.11 (c). The SR-IPE measurements would suggest completely out-
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Figure 3.11 (a) SR-IPE measurement for θ = 7◦ with sensitivity to the out-of-
plane/in-plane‖ spin-polarization direction. (b) and (c) The same measurement as
in (a) with intentionally tilted electron beam by γ = ±5◦. Spectra in (b) and (c) are
obtained from the same raw data. In (b), a normalization to 100% in-plane‖ beam
polarization is applied, in (c), the raw data are normalized to 100% out-of-plane
beam polarization. (d) Illustration of the dispersion and spin-polarization direction
(arrows) of the Au(111) surface-state component E+ in the ky-ky plane. The dashed
(dotted) lines correspond to measurements with kx 6= 0◦ (ky 6= 0◦). For kx 6= 0◦ and
ky 6= 0◦ (crossings of the dashed and dotted lines), the spin-polarization vector fea-
tures components along kx (orange and purple dotted arrows) and ky (black dotted
arrows).

of-plane spin-polarized surface-state components. However, theory predicts an

out-of-plane spin-polarization component of below 5% (Henk et al. 2004b). An

interpretation in terms of large out-of-plane spin-polarization components is,

therefore, unlikely. Instead, the results are interpreted as follows. A rotation θ

of the sample leads to a momentum kx along Γ̄M̄. A tilt γ effectively produces

a momentum ky orthogonal to kx and parallel to Γ̄K̄. According to the Rashba-

Bychkov model, the quantization axis of the surface-state spin polarization is

perpendicular to k‖ = (kx, ky). A rotation θ, thus, leads to in-plane⊥ spin

polarization and a tilt γ gives rise to in-plane‖ spin polarization. Fig. 3.11 (d)

illustrates the surface-state component E+ in the kx-ky plane. For θ 6= 0◦ (kx 6=
0) and γ 6= 0◦ (ky 6= 0), E+ exhibits a spin-polarization component parallel to
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kx. The value of the in-plane‖ spin polarization Px depends on the ratio ky
k‖|

,

see, e.g., Bentmann et al. (2011). In the case of the Au(111) surface state, for

θ = 7◦ and γ = 5◦, Px is large enough to be detected. The spin polarization

reversal between γ = 5◦ and γ = −5◦ affirms this argumentation.

Ultimately, the strength of the SR-IPE experiment with the ROSE is to analyze

unoccupied states with respect to more than just one spin-polarization direc-

tion and, thereby, uncover complex spin textures. The Au(111) spin-orbit-split

Shockley surface state is identified. It is demonstrated that the spin texture of

the surface-state components is in agreement with the Rashba-Bychkov model.

Along Γ̄M̄, only in-plane⊥ spin polarization is detected. Notably, it is shown

that in systems, where the quantization axis of the spin polarization is more

complex than in single axis systems, a correct sample and electron beam align-

ment is indispensable. For the Au(111) surface state, a tilt of the electron beam

of γ = 5◦ already leads to an observation of in-plane‖ spin polarization, which

can be easily misinterpreted as out-of-plane spin polarization, if the alignment

is not exactly known.



4 Spin Textures on

Tl/Si(111)-(1×1)
1

4.1 Motivation

The main topic of this thesis addresses the spin-dependent surface electronic

structure of Tl/Si(111)-(1×1). The relevance of Tl/Si(111)-(1×1) is twofold.

(i) The development of spintronics, i.e., the use of the electron spin as in-

formation carrier in electronics, hinges on the generation and manip-

ulation of spin-polarized currents. An overview on the large scope of

spintronics is found, e.g., in Žutić et al. (2004), Fabian et al. (2007),

Awschalom and Flatte (2007) and Dyakonov (2008). Here, the Rashba-

Bychkov effect (Bychkov and Rashba 1984), i.e., the lifting of the spin

degeneracy due to spin-orbit interaction and space inversion asymme-

try, opens the way for promising applications such as spin field effect

transistors (Datta and Das 1990, Schliemann et al. 2003) or spin Hall

effect transistors (Wunderlich et al. 2010). In recent years, it has been

demonstrated for several metal surfaces that the Rashba-Bychkov effect

leads to a spin-dependent splitting of surface states (see, e.g., LaShell

et al. (1996), Hochstrasser et al. (2002), Hoesch et al. (2004), Koroteev

1Figures and text excerpts of this chapter have been published in (Stolwijk et al. 2013).
Reprinted with permission from (Stolwijk et al. 2013). Copyright (2013) by the American
Physical Society.
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et al. (2004), Sugawara et al. (2006), Tamai et al. (2013)). To imple-

ment the surface Rashba-Bychkov effect in spintronics one has to satisfy

three requirements: (i) The surface state has to be metallic to contribute

to the current. (ii) The spin splitting of the surface state should be

larger than the lifetime broadening, so that one is able to distinguish

between the two spin components even at room temperature. A large

splitting would also decrease the spin-precession time in a spin transis-

tor (Nitta et al. 1997). In some cases, such as Bi/Ag(111) (Ast et al. 2007)

and Bi/Si(111) (Gierz et al. 2009), giant splittings of about 0.2 eV, or-

ders of magnitude larger than those found in semiconductor heterostruc-

tures (Winkler 2003), could be observed. (iii) The substrate has to be

semiconducting, so that only the surface state contributes to the spin

transport.

Thin films of heavy metals on semiconducting substrates are likely

to posses all necessary ingredients and lie in the focus of recent re-

search (Barke et al. 2006, Sakamoto et al. 2009, Gierz et al. 2009, Hatta

et al. 2009, Yaji et al. 2010, Mathias et al. 2010, Okuda et al. 2010,

Takayama et al. 2011, Kocán et al. 2011, Ohtsubo et al. 2012, Höpfner

et al. 2012, Bondarenko et al. 2013, Sakamoto et al. 2013, Stolwijk et al.

2013). In this context, the Tl (1×1) adlayer on Si(111) poses an excellent

candidate.

(ii) In recent years, increasingly complex spin-orbit-induced spin textures in

momentum space have been theoretically predicted and experimentally

detected for various surfaces. This includes the occurrence of out-of-plane

spin polarization in the Dirac cones of topological insulators (Souma

et al. 2011, Basak et al. 2011, Herdt et al. 2013, Nomura et al. 2014)

and rotations of spin-polarization vectors of spin-orbit-split surface states

in momentum space (Sakamoto et al. 2009, Ibañez-Azpiroz et al. 2011,

Takayama et al. 2011, Höpfner et al. 2012, Ohtsubo et al. 2012, Sakamoto

et al. 2013, Stolwijk et al. 2013). Tl/Si(111)-(1×1) features an unoccu-

pied surface state, which can be traced throughout the complete Bril-

louin zone. In this light, the Tl/Si(111)-(1×1) surface is the prototypical

example to study the interplay between spin-orbit interaction and the
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surface symmetry. The threefold honeycomb layered structure of the

Tl/Si(111)-(1×1) surface in combination with the strong spin-orbit cou-

pling of the adlayer leads to complex spin textures in momentum space,

which can not be described by the Rashba-Bychkov model.

Outline

The outline of this chapter is as follows: Sec. 4.2 is concerned with the prepa-

ration and characterization of the sample system Tl/Si(111)-(1×1). Here, par-

ticular attention is paid to the symmetry of the Tl/Si(111)-(1×1) surface. The

results on the spin-dependent surface electronic structure are presented in Secs.

4.3 to 4.7.

Sec. 4.3 addresses the Γ̄K̄ (Γ̄K̄′) high-symmetry directions. Theoretical predic-

tions and experimental results for the occupied surface electronic structure set

the stage for the study on the unoccupied surface electronic structure. Spin-

and angle-resolved inverse-photoemission measurements with the ROSE, i.e.,

with sensitivity to both the in-plane and the out-of-plane spin-polarization

direction, identify an unoccupied spin-orbit-split surface state with unique

properties, which are well described by theoretical calculations. As will be

demonstrated, this surface state extends over the complete surface Brillouin

zone. The behavior of the surface state will be evaluated with respect to the

surface quality, adsorbate exposure and E(k⊥) dispersion. Furthermore, it is

demonstrated that the spin-polarization vector rotates from the in-plane⊥ spin-

polarization direction around Γ̄ to the direction perpendicular to the surface at

the K̄ (K̄′) points - a direct consequence of the symmetry of the 2D hexagonal

system.

In Sec. 4.4, the focus is put on the K̄ (K̄′) points. Here, the unoccupied surface-

state components form spin-orbit-split valleys. A giant splitting in energy of

about 0.6 eV is detected, which is attributed to the strong localization of the

unoccupied surface state close to the heavy Tl atoms. This leads to completely

out-of-plane spin-polarized valleys in the vicinity of the Fermi level. As the

valley polarization is oppositely oriented at the K̄ and K̄′ points, backscattering
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is strongly suppressed in this system. Moreover, it is shown that doping of the

Tl/Si(111)-(1×1) surface by adsorption of additional Tl gives rise to metallic

spin-polarized valleys, making the Tl/Si(111)-(1×1) surface highly interesting

for spintronic and valleytronic applications.

As part of Sec. 4.5, it will be demonstrated that the unoccupied surface state

becomes a surface-resonant state along the Γ̄M̄ directions. It is shown that

the surface-resonant state exhibits a giant spin splitting around M̄, which is in

the same order of magnitude as the giant splitting found for the surface alloy

Bi/Ag(111) (Ast et al. 2007). Furthermore, the SR-IPE experiments verify

that the surface resonance is purely in-plane⊥ spin polarized as demanded

by symmetry arguments. Notably, right next to the high-symmetry line this

constraint is lifted and additional spin-polarization directions emerge.

In Sec. 4.6, the K̄M̄ (K̄′M̄) high-symmetry directions are investigated. Here, an

unoccupied surface state is detected, which can be seen as the continuation of

the unoccupied surface state observed along Γ̄K̄. Similar to the Γ̄M̄ direction,

the surface state exhibits a giant spin splitting around the M̄ point, which

even exceeds the giant splitting observed on Bi/Ag(111) (Ast et al. 2007).

The spin texture of the surface state features out-of-plane and in-plane⊥ spin-

polarization components. However, it will be demonstrated that out-of-plane

spin polarization is dominant.

The combined results for the Γ̄M̄ and K̄M̄ (K̄′M̄) direction indicate a peculiar

spin texture around M̄. Light is shed onto the spin texture by fitting an

effective Hamiltonian to the experimental results. At a given energy, the M̄

point is encircled by surface-state component, which is almost completely out-

of-plane spin polarized at the K̄M̄ (K̄′M̄) intersections and purely in-plane spin

polarized at the Γ̄M̄ intersections. The resulting spin texture is interpreted as

a spin chirality in momentum space.
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General Remarks

It is remarked that all SR-IPE measurements were conducted with the sam-

ple kept at room temperature. Cooling to 120K had no influence on the

obtained spectra concerning the energetic positions and spectral intensities of

the observed features. Furthermore, the relevant state transitions measured in

this work could be most clearly observed with counter C1 (∆E = 350meV),

while measurements with improved energy resolution with counter C2 and C4

(∆E = 250meV) did not lead to significantly improved spectra (see Fig. 4.9).

Therefore, unless otherwise noted, SR-IPE data shown in this thesis were de-

tected with counter C1. The angle of electron incidence θ and the azimuth of

the sample ϕ were calibrated with the help of SR-IPE measurements, e.g., by

monitoring the spin-dependent photon yield at a given energy for varying θ or

ϕ (see, e.g., Figs. 4.16 and 4.21).

4.2 The Sample System

Along with aluminum (Al), gallium (Ga) and indium (In), Tl belongs to the

metals of the third (III) group of the periodic table. With an atomic number

of Z = 81, Tl neighbors mercury (Hg, Z = 80), lead (Pb, Z = 82) and bis-

muth (Bi, Z = 83). Tl has an electronic configuration of [Xe]4f 145d106s26p1

and crystallizes in the hexagonal closed-packed (hcp) structure. Tl is chemi-

cally peculiar, in that it can occur in a monovalent oxidation state, in addition

to the trivalent state, which is encountered for all the other group III ele-

ments (Greenwood and Earnshaw 1984). In the monovalent oxidation state,

the two s electrons behave as inert pair, which is referred to as inert pair

effect.

The adsorption of thallium on Si(111)-(7×7) leads to a number of interesting

surface phases, which are discussed vividly in literature in relation to the influ-

ence of the inert pair effect (Vitali et al. 1999b, 2001, Kotlyar et al. 2002, 2003,

Özkaya et al. 2008, Kocán et al. 2011, 2012). Similar to structures found for

the other group III metals (Lai and Wang 2001, Li et al. 2002), Tl forms a
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superlattice of metallic nanoclusters (magic clusters) for coverages of about

0.2 monolayer (ML) (1ML= 7.8 · 1014 cm−2) (Vitali et al. 1999b, Kotlyar et al.

2002). For 1/3ML, Tl is found to form a mosaic (
√
3×

√
3) structure (Kotlyar

et al. 2003, Kocán et al. 2012), which resembles but is not alike the (
√
3×

√
3)

structure of Al, Ga and In (Nicholls et al. 1987, Zegenhagen et al. 1989, Takaoka

et al. 1993, Jia et al. 2002, Mizuno et al. 2003). This observation is in agree-

ment with photoemission results, which find a monovalent state for Tl in the

Tl/Si(111)-(
√
3 ×

√
3) structure (Sakamoto et al. 2006, 2007). Adsorption of

more than one ML up to 50ML Tl leads to the formation of few but large Tl

islands (Vitali et al. 2001).

In contrast to the other group III elements, the adsorption of 1ML Tl on

Si(111) gives rise to a pseudomorphic (1×1)-Tl adlayer as shown in Fig. 4.2 (a).

Studies on the Tl/Si(111)-(1×1) surface with STM (Vitali et al. 1999a, Kotlyar

et al. 2003), LEED (Noda et al. 2003), synchrotron x-ray scattering (Kim et al.

2004) and ab-initio calculations (Lee et al. 2002, Stolwijk et al. 2013) show that

the Tl atoms occupy the T4 adsorption site, which is anomalous among metals

deposited on Si(111) (Noda et al. 2003). In particular, no (1×1) monolayer

structures on Si(111) are found for other heavy metals like Bi, Pb and Au (Wan

et al. 1992, Cheng and Kunc 1997, Nagao et al. 1998, Kirchmann et al. 2007,

Švec et al. 2008, Bondarenko et al. 2013). The perfect Tl/Si(111)-(1×1) surface

is semiconducting (Lee et al. 2002), whereas Tl multivacancies may lead to

metallicity (Kocán et al. 2011).

Please note that one monolayer of Tl on Ge(111) results in a Tl/Ge(111)-(1×1)

surface, which is isoelectronic to Tl/Si(111)-(1×1) with respect to the valence

electrons. The Tl/Ge(111)-(1×1) surface is studied in several publications

with LEED (Hatta et al. 2007), STM (Castellarin-Cudia et al. 2001) and

ARPES (Hatta et al. 2007, Ohtsubo et al. 2012). Band structure calculations

show strong similarities to Tl/Si(111)-(1×1) (Hatta et al. 2007, Ohtsubo et al.

2012).

In the following, the preparation of well-ordered Tl/Si(111)-(1×1) surfaces will

be described in two steps. First, the procedure for cleaning the Si substrate is

outlined in Sec. 4.2.1. In Sec. 4.2.2, the preparation and characterization of
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Tl/Si(111)-(1×1) will be discussed. Furthermore, the symmetry of the surface

is evaluated with regard to the spin degeneracies and nondegeneracies of the

system and possibly arising spin textures.

4.2.1 Si(111)

Due to its applications in semiconductor electronics, Si(111) is a widely used

substrate and standardized cleaning procedures can be found in literature,

e.g., in Swartzentruber et al. (1989) and Senftleben et al. (2008). The Si(111)

substrates used in this study were cut from a P-doped Si(111) wafer (n-type,

1015/cm3, 1-5 Ωcm), which has been chemically preoxidized. After insertion

into the vacuum system, the sample and sample carrier were degassed at

about 800K for several hours, until the base pressure of the UHV chamber

(p ≤ 1× 10−10 mbar) was restored. Next, the sample was heated at 1230K for

about 1min by electron bombardment to remove the oxide layer. Subsequently,

a flash to 1520K for about 10 s was applied to remove the carbon contamina-

tion from the surface. Temperatures were measured with a pyrometer. A slow

cooling down is necessary to allow a reordering of the surface atoms. Either

of two cool-down procedures were applied: (A) Cooling down to room tem-

perature at a constant rate of 5Ks−1. (B) Moderately fast cooling to 1170K

(10Ks−1), slow cooling (≤ 1Ks−1) through the (1×1)-(7×7) phase transition

at about 1130K (Höfer et al. 1995) to allow large 7×7 reconstructed domains

to grow, and a more rapid cooling to room temperature. Both cool-down

procedures led to clean Si(111)-(7×7) surfaces with high crystalline quality.

The Si(111)-(7×7) reconstruction can be described within the dimer adatom

stacking fault (DAS) model (Takayanagi et al. 1985), which is illustrated in

Fig. 4.1 (a). In comparison with procedure A, method B produced even more

homogenous surfaces. Frequent flashing led to a degradation of the crystalline

quality. Therefore, the substrate has been replaced after a couple of prepara-

tions.

The cleanliness and crystalline quality were checked with LEED, AES and

STM. The LEED pattern (see Fig. 4.1 (b)) agrees well with the reciprocal

surface lattice of the (7×7) reconstruction. The AES spectrum (see Fig. 4.1 (c))
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Figure 4.1 (a) Structural model of the Si(111)-(7×7) surface according to the DAS
model (Takayanagi et al. 1985). The unit cell is shown in green and can be divided
into a faulted and an unfaulted half. (b) Inverted LEED image (primary electron
beam energy Ep = 54 eV) of the cleaned Si(111)-(7×7) surface. Black corresponds to
high intensity. The (1×1) and the (7×7) unit cell of the reciprocal lattice are shown in
blue and green, respectively. (c) Auger spectrum of the cleaned Si(111)-(7×7) surface
for a primary energy of Ep = 3 keV. The characteristic Si lines can be observed. No
traces of contaminants are found. (d)-(f) STM images of the cleaned Si(111)-(7×7)
surface for (d) a large area (200×200 nm2, U = 1V, I = 0.1 nA) and smaller areas
(e) (20×20 nm2, U = −1V, I = 0.1 nA) and (f) (20×20 nm2, U = 1V, I = 0.1 nA).
Large terraces of about 50 nm size are observed. (e) and (f) reveal the empty and
filled adatom states of the (7×7) reconstruction. For comparison, the (7×7) unit cell
is drawn within the STM images.
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shows no traces of contaminants above the detection limit of the spectrometer.

The STM image in Fig. 4.1 (d) indicates terraces of about 50 nm size. STM

scans of smaller areas in Figs. 4.1 (e) and (f) reveal the occupied and the

unoccupied adatom states of the (7×7) reconstruction, respectively (Hamers

et al. 1986). The unit cell of the DAS model is in agreement with the unit

cell of the observed structures in the STM images. The lighter- and darker-

appearing triangular shaped areas in Fig. 4.1 (f) are a result of the stacking

fault in one half of the unit cell.

4.2.2 Tl/Si(111)-(1×1)

Preparation and Characterization

Tl/Si(111)-(1×1) films, schematically shown in Fig. 4.2 (a), were prepared

by evaporating Tl from a Ta crucible onto the clean Si(111) substrate at a

temperature of 570K, similar to the recipe given in Sakamoto et al. (2009)

and Sakamoto et al. (2006). During evaporation, the pressure was below

1× 10−10 mbar. At a substrate temperature of 570K, the formation of a 1 ML

thick film is a self-terminating process. Excess Tl atoms do not stick to the

surface.

The sharp diffraction pattern and low background intensity observed in the

LEED image in Fig. 4.2 (b) reflect a well ordered (1×1) structure. No traces of

contaminants are detected with AES (see Fig. 4.2 (c)). Figure 4.2 (d) shows a

STM image of the Tl/Si(111)-(1×1) sample. Large terraces (≈ 50 nm) imposed

by the Si substrate are observed. Scans of smaller areas indicate only few

defects similar to observations by Kocán et al. (2011). Other preparation

methods as, e.g., presented in Kocán et al. (2011), were tested and led to

similar film qualities. The homogeneity of the Si substrate directly influenced

the homogeneity of the Tl/Si(111)-(1×1) films. Please note for future reference

that Tl/Si(111)-(1×1) preparations on Si substrates cleaned with method A

and B are referred to as preparation A and B, respectively.
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Figure 4.2 (a) Top view and side view of the structural model of the
Tl/Si(111)-(1×1) surface. (b) Inverted LEED image (primary electron beam energy
Ep = 85 eV) and (c) Auger spectrum (Ep = 3 keV) of the clean Tl/Si(111)-(1×1) sur-
face (blue line). The characteristic Tl lines coincide with the Si transitions. In
comparison with the Auger spectrum of the clean Si substrate (black line), the
adsorption of Tl alters the intensity of the Si-induced peaks and an additional
Tl-induced peak appears. No contaminants are detected. (d) STM image of the
Tl/Si(111)-(1×1) surface (150×150 nm2, U = −1V, I = 0.1 nA). Large terraces with
a width of about 50 nm are observed. (e) STM image of the Tl/Si(111)-(1×1) sur-
face with about 1 ML Tl (140×140 nm2, U = 1V, I = 0.1 nA). (f) Target-current-
spectroscopy measurement (TCS) of the Tl/Si(111)-(1×1) surface (blue markers
and line). The TCS measurement of the clean Cu(111) surface (gray markers
and line, ΦCu = 4.94 eV (Takeuchi et al. 2001)) serves as a reference. The differ-
ence of the onsets ∆Φ = (0.90 ± 0.05) eV is used to determine the work function
ΦTl = (4.04± 0.05) eV of the Tl/Si(111)-(1×1) surface.
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Tl/Si(111)-(1×1) films with a small extra amount of Tl, e.g., 1.1ML films, were

grown by evaporating about two monolayer of Tl onto the Si substrate kept

at room temperature. Subsequently, the sample was annealed to 500K, while

monitoring the diffraction pattern with the LEED experiment. With advancing

annealing time the formation of a (1×1) structure was observed. Ceasing the

annealing before a sharp unchanging diffraction pattern was observed led to

Tl/Si(111)-(1×1) films with a small extra amount of Tl. The STM image in

Fig. 4.2 (e) shows a Tl/Si(111)-(1×1) film with a coverage of about 1.1ML.

Additionally, with regard to SR-IPE experiments, two important aspects have

to be considered.

(i) For mapping the E(k‖) dispersion, the work function of the sample is an

essential parameter (see Sec. 3.1). Target current spectroscopy (TCS) is

used to determine the work function ΦTl of the Tl/Si(111)-(1×1) sam-

ples. The basic principle is as follows. The sample (target) current is

monitored, while electrons with defined energy from the SR-IPE electron

source are guided onto the sample. A sample current is measured, if the

kinetic energy Ekin of the electrons, i.e., the energy with respect to the

vacuum level of the sample, is positive and there are electronic states, into

which an unbound electron can propagate. Ekin depends on the potential

between the sample and the GaAs photocathode and is varied by apply-

ing a retarding voltage UR to the sample. The onset of the sample current

is then used to determine the work function. The work function can be de-

duced, if the work function of the photocathode is known. Alternatively,

the TCS spectrum can be compared to a TCS spectrum of a sample with

known work function. Fig. 4.2 (f) shows the TCS spectra obtained for

Tl/Si(111)-(1×1) and for Cu(111) (ΦCu = 4.94 (Takeuchi et al. 2001)).

With an onset difference of ∆Φ = (0.90± 0.05) eV, the work function

of the Tl/Si(111)-(1×1) sample is determined to ΦTl = (4.04± 0.05) eV.

This is in good agreement with previous studies, in which ΦTl = 4 eV is

found (Hwang et al. 2007).

(ii) The second aspect concerns a possible voltage drop across the semicon-

ducting sample, when applying current densities of 1-10µA in SR-IPE or
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Figure 4.3 (a) Structural model of the Tl/Si(111)-(1×1) surface. The mirror planes
are indicated by dashed lines. (b) Illustration of the reciprocal lattice (crosses) of the
Tl/Si(111)-(1×1) surface and three adjacent surface Brillouin zones with the relevant
high-symmetry points (circles).

high photon fluxes in (S)ARPES (Himpsel 1990, Zhang et al. 2008). A

voltage drop may be a result of a surface photovoltage (SPV) (Schroder

2001) or Schottky barriers (see, e.g., Tung (2014)), which form at the

back contact or the free surface. These affect the energy zero observed in

the SR-IPE spectrum. Typically, the SR-IPE spectra are referenced to

the Fermi level EF. Usually, in SR-IPE, EF is determined by measuring

the Fermi level cut-off at a metallic surface with respect to the acceler-

ating voltage U between the sample and the cathode (Dose et al. 1986).

With a voltage drop UD, the accelerating voltage becomes U + UD and

EF is found at a different position with respect to U . A correct energy

calibration is, therefore, mandatory. A comparison of the Fermi level cut-

off determined for the metallic Si(111)-(7×7) surface with the one found

for a polycrystalline Ta sample show no difference. Therefore, a voltage

drop across the Si sample can be ruled out (Himpsel 1990). Furthermore,

the SR-IPE spectra of Tl/Si(111)-(1×1) show no indication of a voltage

drop.
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Surface Symmetry

As discussed in Sec. 2, SOI may lift spin degeneracies of electronic states in

crystalline solids. The lack of inversion symmetry at the surface in combina-

tion with strong potential gradients induced by heavy nuclei and asymmet-

ric surface-state wavefunctions may give rise to spin-orbit-split surface states.

Here, the k‖-dependent spin quantization axis is in a close relationship to the

symmetry of the crystal. The symmetry of Tl/Si(111)-(1×1) is discussed with

the help of Fig. 4.3, which shows the structural model of the Tl/Si(111)-(1×1)

surface and the corresponding reciprocal lattice with three adjacent surface

Brillouin zones. Taking the first Si layer into account, Tl/Si(111)-(1×1) can be

viewed as honeycomb layered structure with threefold symmetry C3v (Schön-

flies notation) belonging to the p3m1 space group (Hermann-Mauguin nota-

tion). The Tl/Si(111)-(1×1) surface possesses three mirror planes along the

Γ̄M̄ directions, whereas along Γ̄K̄ (Γ̄K̄′) no mirror planes exist. Note that the

basis of the surface lattice consists of two atoms, one Tl and one Si atom. This

leads to a distinction between K̄ and K̄′. K̄ and K̄′ possess C3 symmetry, while

the M̄ points are C1h symmetric. Simple symmetry considerations are pre-

sented to provide a prospect of the possible spin textures of a surface state in

compliance with the Tl/Si(111)-(1×1) surface and time-reversal symmetry.

A surface state of Tl/Si(111)-(1×1) has to be invariant under time reversal and

the symmetry operations of the system, e.g., the mirror-plane operations (see

Sec. 2). As a consequence, along Γ̄M̄, the spin quantization axis is fixed to the

in-plane direction perpendicular to Γ̄M̄ (in-plane⊥ spin-polarization direction).

Along Γ̄K̄ (Γ̄K̄′) and M̄K̄ (M̄K̄′), in-plane⊥ and out-of-plane spin polarization

is allowed, whereas in-plane spin polarization parallel to k‖ is forbidden. Spin

degeneracy is still preserved for the Γ̄ and M̄ points as these are time-reversal

invariant momenta (see, e.g., Dil et al. (2008)). K̄ and K̄′ exhibit C3 symmetry

and are not time-reversal invariant momenta. This forces the spin-polarization

direction to the out-of-plane spin-polarization direction (Oguchi and Shishidou

2009). For momenta in between Γ̄M̄, M̄K̄ (M̄K̄′) and Γ̄K̄ (Γ̄K̄′), the spin-

polarization vector may, in principle, point in any direction.

As will be shown in the following sections, Tl/Si(111)-(1×1) features an un-
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occupied spin-orbit-split surface state, which can be traced throughout the

complete surface Brillouin zone. Therefore, all predictions stated above can

be tested.

4.3 Results for the Γ̄K̄(Γ̄K̄
′
) Direction

In the previous section, the possible spin degeneracies and nondegeneracies

of a surface state of Tl/Si(111)-(1×1) have been discussed in terms of simple

symmetry considerations. The crystal vacuum interface breaks the inversion

symmetry along the surface normal and, thus, lifts the in-plane spin degeneracy.

The missing inversion symmetry in the surface plane of Tl/Si(111)-(1×1) lifts

the out-of-plane spin degeneracy along Γ̄K̄ (Γ̄K̄′) and at the K̄ (K̄′) points. A

closer investigation of the spin-dependent surface electronic structure depends

on band structure calculations including spin-orbit interaction and, first and

foremost, spin-resolved experiments. For the Γ̄K̄ (Γ̄K̄′) direction, both will be

presented in this section.

4.3.1 Theoretical Predictions

We start with a discussion of the calculated Tl/Si(111)-(1×1) surface electronic

structure. Several calculations of the spin-dependent surface electronic struc-

ture along the Γ̄K̄ direction of Tl/Si(111)-(1×1) can be found in literature (Lee

et al. 2002, Ibañez-Azpiroz et al. 2011, Stolwijk et al. 2013). Here, band struc-

ture calculations are presented, which were performed by P. Krüger and are

published in Stolwijk et al. (2013). The ground-state properties are obtained

by using density-functional theory within the local-density approximation. A

basis of Gaussian orbitals is employed together with pseudopotentials. These

include scalar relativistic corrections and spin-orbit coupling (Stärk et al. 2011).

The Tl/Si(111) surface is treated within a supercell approach using slabs with

18 Si substrate layers and a Tl adlayer. Relaxations of the topmost eight layers

have been taken into account. Adsorption of Tl atoms in T4 positions turns out

to be energetically most favorable in agreement with former calculations (Lee
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et al. 2002). For determining the quasiparticle band structure, the self-energy

operator is constructed within the GW approximation (Hybertsen and Louie

1988, Sommer et al. 2012).

Fig. 4.4 presents the band structure calculations along Γ̄K̄M̄. Open circles illus-

trate the in-plane spin polarization perpendicular to k‖ (in-plane⊥ spin polar-

ization) (left panel) and the out-of-plane components of the spin-polarization

vector (right panel) as defined in the insets. No in-plane spin polarization

parallel to k‖ occurs (in-plane‖ spin polarization). The diameter of the circles

corresponds to the magnitude of the respective polarization. The gray-shaded

area denotes the projected bulk bands. In accordance with band structure

calculations in Ibañez-Azpiroz et al. (2011), one occupied (S1 and S2) and

one unoccupied (S3 and S4) spin-orbit-split surface state is found within the

projected bulk-band gap of the silicon substrate. The occupied surface state

primarily stems from the dangling bonds of the surface Si atoms, whereas the

unoccupied surface state originates from the Tl p orbitals (see also discussion

in Sec. 4.3.4). As discussed in Sec. 4.2, the 2D symmetry of the hexagonal
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system, belonging to the p3m1 space group, leads to K̄ and K̄′ points with

C3 symmetry. This forces the spin-polarization vector to the out-of-plane di-

rection (Oguchi and Shishidou 2009, Sakamoto et al. 2009, Ibañez-Azpiroz

et al. 2011). Ultimately, the spin-polarization vectors of all four surface-state

components rotate from the in-plane⊥ direction around Γ̄ to the out-of-plane

direction at K̄(K̄′).

4.3.2 Occupied Surface States

So far, measurements on the surface electronic structure of Tl/Si(111)-(1×1)

have been focused on the occupied part (Lee et al. 2002, Sakamoto et al.

2009, 2013). Figs. 4.5 (a) and (b) present high-resolution ARPES and SARPES

data reproduced from Sakamoto et al. (2013) and Sakamoto et al. (2009), re-

spectively. In Fig. 4.5 (b), the SARPES data are presented along with the pro-

jected bulk bands (gray-shaded area) and the calculated surface-state bands

S1 and S2 from the calculations in Fig. 4.4.

The (S)ARPES data uncover the occupied surface-state components S1 and

S2. Around Γ̄, S1 and S2 are in-plane⊥ spin polarized. At about four fifths

of the Γ̄K̄ direction, the spin-polarization direction rotates to the direction

perpendicular to the surface. At K̄, S1 and S2 possess almost complete out-of-

plane spin polarization and are split in energy by about 0.25 eV.

Results for Tl/Si(111)-(1×1) surfaces prepared in this work and obtained with

the ARPES setup described in Sec. 3.2 are presented in Figs. 4.6 (a) and (b),

which show spectra (open circles) taken at Γ̄ and around K̄, respectively. Note

that the Si substrates used in Sakamoto et al. (2009) and in this work were cut

from the same or equivalent wafers2 and that the ARPES experiments have

been conducted for the same quantum energy of h̄ω = 21.22 eV. In comparison

with the data of Sakamoto et al. (2009) (black lines in Figs. 4.6 (a) and (b)), a

good agreement concerning the energetic positions and spectral intensities of

S1 and S2 is found. This indicates similar surface qualities.3

2The wafers were provided by K. Sakamoto.
3Differences may be a result of the different energy resolutions of the experiments.
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In total, the results on the occupied surface electronic structure are in good

agreement with the theoretical band structure calculations. However, the large

splitting in energy and the complete out-of-plane spin polarization occur far

below the Fermi level. The occupied state is, therefore, hardly relevant for spin-

dependent transport phenomena. On the other hand, for the unoccupied elec-

tronic structure, theory predicts a surface state with rotating spin-polarization

vector and exceptionally large splitting in the vicinity of EF (see Fig. 4.4). The

spin- and angle-resolved inverse-photoemission experiments presented in this

thesis put these predictions to the test.

4.3.3 Unoccupied Surface States

The first aim of the experimental study on the unoccupied surface electronic

structure of Tl/Si(111)-(1×1) is the identification of the theoretically predicted

unoccupied surface states along Γ̄K̄ (see Fig. 4.4). This is achieved by means

of SR-IPE experiments with the ROSE, with the spin sensitivity set either

to the out-of-plane or in-plane⊥ spin-polarization direction. Unless otherwise

noted, spectra have been normalized to 100% spin polarization of the electron

beam.

Fig. 4.7 (a) presents SR-IPE spectra with sensitivity to the in-plane⊥ spin-

polarization direction taken at various angles of electron incidence θ along

Γ̄K̄. Red up- and blue down-pointing triangles represent the in-plane⊥ spin-

polarization direction. In Fig. 4.7 (b), SR-IPE spectra with sensitivity to

the out-of-plane spin-polarization direction are shown. Purple up- and or-

ange down-pointing triangles denote states with out-of-plane spin polarization

parallel and antiparallel to the surface normal, respectively. Note that experi-

mental information on the out-of-plane spin polarization is only accessible for

angles θ unequal zero, and the effective spin polarization increases with higher

θ. Therefore, the spectra at θ = 0◦ and 5◦ have not been normalized to a

100% polarized electron beam. Importantly, for corresponding angles, the spin-

integrated spectra of the in-plane⊥ and out-of-plane sensitive experiments are

almost identical (see comparison of spin-integrated spectra in Fig. 4.7 (c)).This

verifies the same sample condition and position in k-space and highlights the
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derivatives of the SR-IPE spectra for the respective spin channels.
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beauty of the ROSE.4 The presented data are obtained from Tl/Si(111)-(1×1)

samples prepared with method A (see Sec. 4.2.1).

To give an overview of the detected states, spectral features observed in the

SR-IPE spectra are translated into E(k‖) plots in Figs. 4.8 (a) and (e) for the

in-plane⊥ and out-of-plane spin channels, respectively. The energetic positions

of the spectral features are derived by a peak analysis routine as described in

Sec. 3.1. Note that the E(k‖) plots contain additional data points, which are

obtained from additional spectra presented in appendix A.1 and spectra from

samples, which are obtained from a different preparation method (preparation

B). Furthermore, Figs. 4.8 (b), (c), (f) and (g) present E(k‖) false color plots of

the second derivatives of the SR-IPE spectra. These are obtained as described

in appendix A.2. For comparison, the band structure calculations from Fig. 4.4

are shown in Figs. 4.8 (d) and (h) with respect to the Fermi level and with

the respective spin-polarization components. EF lies about 0.25 eV above the

highest occupied state S2 at Γ̄, as measured by ARPES (see Sec. 4.3.1), and

about 0.2 eV below the lowest unoccupied state S3 at K̄. ∆E between S2 at Γ̄

and S3 at K̄ amounts to 0.45 eV, which agrees well with 0.36 eV found in the

calculations.

For both spin channels, several features are observed, which are labeled S3, S4,

S5 and S6 henceforth. S5 and S6 are interpreted as surface-resonant states,

whereas the energetic positions of S5 and S6 are slightly shifted from the pre-

dicted state energies. S6 lies completely within the projected bulk bands. Tight

binding calculations underline the presence of S5 and S6 (see Fig. 4.12). Most

prominent are the two strongly downward dispersing features S3 and S4 with

minimum energy at K̄ (k‖ ≈ 1.1 Å−1). Concerning the E(k‖) dispersion, an

excellent agreement is found for S3 and S4, which are easily attributed to the

two components of the unoccupied spin-orbit-split surface state. Notably, S3

and S4 are also observed along the other high-symmetry directions. In order

to pinpoint S3 and S4 as unoccupied surface-state components, a study of S3

and S4 with respect to (i) the dependence on the surface quality, (ii) the be-

havior upon exposure to adsorbates and (iii) the dispersion perpendicular to

4For θ = 50◦, deviations are observed, which may be a result of slightly different angles of
electron incidence.
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Figure 4.9 SR-IPE spectra with sensitivity to the out-of-plane spin-polarization
direction (a) at Γ̄, (b) around K̄ and (c) along Γ̄K̄, obtained from Tl/Si(111)-(1×1)-A
(filled purple up- and orange down-pointing triangles in (a) and (b), lines in (c))
and Tl/Si(111)-(1×1)-B (open purple up- and orange down-pointing triangles). (d)
SR-IPE spectra around K̄ (preparation B) for the clean (solid lines) and adsorbate-
covered surfaces (filled purple up- and orange down-pointing triangles). (e) SR-IPE
spectra around K̄ (preparation B) for two mean detection energies h̄ω = 9.9 eV (lower
spectra) and h̄ω = 9.8 eV (upper spectra).

the surface E(k⊥) is performed and presented for the Γ̄K̄ direction.

(i) Surface states are known to react sensitively to the quality of the sur-

face: The lower the surface roughness and the more homogenous the

surface, the higher is the spectral intensity of the surface-state emission.

The surface quality is modified by applying different preparation proce-

dures for the Si substrate, as described in Sec. 4.2.1. Figs. 4.9 (a), (b)

and (c) show a comparison of SR-IPE data with sensitivity to the out-

of-plane spin-polarization direction for Tl/Si(111)-(1×1) preparations A

and B. Films prepared with method B exhibit an improved surface qual-
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ity. Data obtained from Tl/Si(111)-(1×1) preparations B are represented

by open purple up- and open orange down-pointing triangles. SR-IPE

spectra of Tl/Si(111)-(1×1) preparations A (already shown in Fig. 4.7)

are displayed as filled triangles in Figs. 4.9 (a) and (b), and as lines in

Fig. 4.9 (c). For the same reasons as discussed before, no normalization

to 100% beam polarization is applied for θ = 0◦ and θ = 5◦.

Around K̄, the spectral intensities of S3 and S4 increase with improved

surface quality (see Fig. 4.9 (b)). This is consistent with the interpre-

tation of S3 and S4 as surface-state emissions. At Γ̄ (see Fig. 4.9 (a)),

this effect is less pronounced. Here, the main difference is the increased

background intensity in the vicinity of the Fermi level for films with lower

surface quality. This can be understood as a consequence of an enhanced

inelastic scattering due to the lower surface quality. For spectra taken

along Γ̄K̄ (Fig. 4.9 (c)), the same statements can be made. Note that the

surface quality only affects the spectral intensities. The E(k‖) dispersion

is almost identical (compare open with filled triangles in Fig. 4.8 (e)).

(ii) A typical approach to identify surface states is to expose the surface to

adsorbates and, thereby, intentionally increase the amount of impurities.

Typically, an exposure to a few Langmuir L (1L= 1.33× 10−4 Pas) of,

e.g., oxygen (O2) or hydrogen (H2), already suffices to completely quench

surface-state emissions (see for example Altmann et al. (1985) and Reihl

et al. (1984)). Fig. 4.9 (d) shows SR-IPE measurements sensitive to the

out-of-plane spin-polarization direction around K̄, which are obtained

after an exposure to 100L H2, to 500L O2 and to air. The starting point

of each adsorbate experiment is the clean Tl/Si(111)-(1×1) (preparation

B, shown as lines).

Exposure to 100L H2 and 500L O2 has almost no affect on the observed

spectral intensities of S3 and S4. At the first glance, this observation

is in contradiction with the interpretation of S3 and S4 as surface-state

emissions. However, in the case of Tl/Si(111)-(1×1), the robust behav-

ior of the surface states to foreign adsorbates reflects the electronically

saturated nature of the surface dangling bonds (Lee et al. 2002). The
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dangling bonds of the Si atoms are saturated by the electrons from the

Tl adatoms and the surface becomes extremely inert. No state emissions

are observed after exposure to air.

(iii) Surface states are two-dimensional states and, thus, posses no dispersion

perpendicular to the surface (Lüth 2001). Hence, to identify surface-

state emissions in SR-IPE experiments, one possibility is to alter the

momentum perpendicular to the surface k⊥. In the isochromat mode

of the SR-IPE experiment, this can be realized by the use of different

photon detection energies, in analogy to the use of different excitation

energies in (S)ARPES setups.

Fig. 4.9 (e) presents measurements of Tl/Si(111)-(1×1) (preparation B)

with sensitivity to the out-of-plane spin-polarization direction around K̄

with two different mean detection energies, h̄ω = 9.9 eV and h̄ω = 9.8 eV.

These are obtained by varying the temperature of the entrance window

of the Geiger counter as described in Sec. 3.2. Note that counter C1 was

used for the measurement with h̄ω = 9.9 eV, whereas the spectrum with

h̄ω = 9.8 eV was taken with a different counter (C2). As C1 and C2 de-

tect the photons under different angles, the different spectral intensities

are likely a result of the anisotropic angular distribution of the surface-

state emission. Also, the different energy resolutions, ∆E = 350meV for

h̄ω = 9.9 eV and ∆E = 250meV for h̄ω = 9.8 eV (see Sec. 3.3.2), can ex-

plain differences. A change of the detection energy by 0.1 eV may strongly

alter the energetic positions of bulk-state emissions (see, e.g., Wissing

et al. (2013)). Irrespective of the detection energy, S3 and S4 appear at

the same energetic positions. This is in agreement with the interpreta-

tion of S3 and S4 as surface-state emissions. A direct comparison with

bulk-state emissions is not possible, as these are not observed.

In total, the results clearly identify S3 and S4 as spin-orbit-split surface state of

Tl/Si(111)-(1×1). S3 and S4 lie in the projected bulk band gap, are sensitive

to the surface quality and do not depend on k⊥. The results agree well with

the theoretical calculations. Moreover, adsorbate experiments reveal the high

robustness of the unoccupied surface state.
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4.3.4 Spin Texture

Quasiparticle band structure calculations predict a rotation of the spin-

polarization vector of the unoccupied surface-state components from the

in-plane⊥ to the out-of-plane spin-polarization direction. In the following, the

(i) in-plane⊥ and (ii) out-of-plane spin-polarization components of S3 and S4

are addressed with the help of the SR-IPE measurements and the E(k‖) plots

presented in Figs. 4.7 and 4.8.

(i) First, the in-plane⊥ spin polarization is evaluated. At Γ̄ (θ = 0◦), the

two spin states are degenerate. Along Γ̄K̄, i.e., with increasing angles

up to θ = 50◦, S3 and S4 become spin split and exhibit in-plane⊥ spin

polarization. Around K̄ (θ = 60◦ to 65◦), the in-plane⊥ spin polarization

vanishes, as demanded by symmetry considerations. In this region, due

to the intrinsic and experimental energy broadening, a splitting of the

states is not resolved.

To test the k‖ dependence of the in-plane⊥ spin polarization, SR-IPE

spectra are taken for positive and negative angles of electron incidence

(θ = 30◦ and θ = −30◦) along Γ̄K̄ and Γ̄K̄′. Measurements along Γ̄K̄ and

Γ̄K̄′ are realized by rotating the azimuth ϕ of the sample by 60◦. For spec-

tra taken at θ = 30◦ (compare upper spectra in Figs. 4.10 (a) and (b)), S3

and S4 appear at the same energy with the same spin-polarization direc-

tion, irrespective of the high-symmetry direction. Measurements at neg-

ative angles of electron incidence (compare lower spectra in Figs. 4.10 (a)

and (b)) detect S3 and S4 with reversed spin polarization. The behav-

ior of the in-plane⊥ spin polarization is in accordance with time-reversal

symmetry and the Rashba-Bychkov model.

(ii) Along Γ̄K̄, S3 and S4 exhibit out-of-plane spin polarization for θ ≥ 25◦.

Fig. 4.10 (c) presents SR-IPE measurements along Γ̄K̄′ (ϕ = 60◦). Com-

pared to the measurements along Γ̄K̄, the same E(k‖) dispersion is ob-

served (compare data in Figs. 4.10 (d) and 4.8). Notably, the features

appear with opposite spin polarization (compare spectra in Figs. 4.7 (b)

and 4.10 (c)). This is in accordance with time-reversal symmetry and
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Figure 4.12 Tight binding calculations of the Tl/Si(111)-(1×1) surface taking into
account the Si dangling bond DSi (blue dashed line in(a)), the Tl px and py orbitals
T1 and T2 (black lines in (a)) and the Tl pz orbital T3 (red line in (a)). In (a),
adlayer-substrate interaction and spin-orbit interaction are not included within the
calculation. (b), (c) With adlayer-substrate interaction and spin-orbit interaction
for the (b) in-plane⊥ (red and blue circles) and (c) out-of-plane spin-polarization
direction (purple and orange circles). The diameter of the circles is proportional to
the spin polarization with a maximum degree of 100%, e.g., for S4 at K̄.

the C3v symmetry of the surface. It should be noted that measurements

along Γ̄K̄ and Γ̄K̄′ are not equivalent, in that a rotation of 60◦ is not

a symmetry operation of the system (see Fig. 4.3). Differences in the

spectral intensities of the observed features are, thus, interpreted as a

consequence of the threefold symmetry of the surface.

An overall picture of the spin polarization of the unoccupied surface-state com-

ponents is found. Around Γ̄, S3 and S4 exhibit only in-plane⊥ spin polarization.

This in-plane⊥ spin polarization is retained up to k‖ ≈ 0.85 Å−1 (θ = 45◦). For

higher k‖ values, it decreases and ultimately vanishes at K̄. Out-of-plane spin

polarization first appears at k‖ ≈ 0.6 Å−1 (θ = 25◦). At the K̄ point, S3 and S4

are almost completely out-of-plane spin polarized. In total, a rotation of the

spin-polarization vector is observed. This coincides with the theoretical find-

ings. As a detail it is noted that along Γ̄K̄, the out-of-plane spin-polarization

direction is, first, parallel to the surface normal (see S3 for θ = 25◦) and re-

verses for higher k‖ values (see S3 for θ ≥ 35◦). The theoretical calculations
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Figure 4.13 (a) Charge distribution plots of the occupied and unoccupied surface-
state component S1 and S3 at two points in k-space K̄/2 and K̄. (b) Top view
(upper figure) and side view (lower figure) of the k-integrated valence-band charge
distribution of Tl/Si(111)-(1×1).

predict a similar behavior.

In principle, the rotation of the spin-polarization vector can already be un-

derstood by applying a simple tight binding model, taking into account the

Si dangling bond and the Tl px, py, pz orbitals. Fig. 4.12 presents the tight

binding calculations (a) without and (b), (c) with interaction of the Tl adlayer

with the Si substrate and spin-orbit interaction.5 In Fig. 4.12 (b) and (c), the

in-plane⊥ and out-of-plane spin-polarization components are drawn as circles

on top of the respective bands, respectively. The circle diameter denotes the

magnitude of the spin polarization.

Without interactions, four bands can be identified, which originate from the

Si dangling bond DSi (blue dashed line in Fig. 4.12 (a)), the Tl px and py

orbitals T1 and T2 (black lines in Fig. 4.12 (a)), and the Tl pz orbital T3 (red

line in Fig. 4.12 (a)). Spin-orbit interaction and interaction of the Tl adlayer

with the substrate lead to a hybridization and a spin splitting of the bands.

S1 and S2 primarily stem from the Si dangling bond, whereas S3 to S8 stem

from the Tl orbitals. S3 and S4 correspond to the unoccupied surface state,

S5 and S6 to the surface-resonant state found in the experiment. Interaction

5The tight binding calculations were performed by P. Krüger (Krüger 2013d).
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of the Tl pz orbital with the Si substrate induces a potential gradient along

the surface normal, resulting in an in-plane⊥ spin polarization. Interaction of

the px, py orbitals with the substrate induces an in-plane inversion asymmetry

resulting in an out-of-plane spin polarization. As the surface states S3 and

S4 are predominantly of pz character around Γ̄ and purely of px, py character

at K̄, a transition from in-plane to out-of-plane spin polarization takes place.

At K̄, these states are completely spin polarized, since spin-orbit coupling

does not intermix spin-up with spin-down components of px and py orbitals.

Charge distribution plots obtained from calculations within the local-density

approximation6 of the unoccupied surface-state component S3 at two points in

k-space comply with this model (see Fig. 4.13 (a)). Halfway between Γ̄ and K̄

(marked by vertical lines in Fig. 4.4), the charge distribution is predominately

asymmetric along the surface normal, which is related to an in-plane spin

polarization. On the other hand, at K̄, in-plane asymmetry is dominant, which

relates to an out-of-plane spin polarization.

4.3.5 Conclusion

In conclusion, our experimental study of the unoccupied electronic structure of

Tl/Si(111)-(1×1) along the Γ̄K̄ (Γ̄K̄′) direction reveal an unoccupied spin-orbit-

split surface state with unique properties, which are in excellent agreement

with theory. It is unambiguously shown that the spin-polarization vectors

of the unoccupied surface-state components rotate from the in-plane⊥ spin-

polarization direction to the direction perpendicular to the surface. As will

be discussed in the following section, this leads to giant spin-split valleys with

almost complete spin polarization at the K̄ (K̄′) points.

6P. Krüger carried out the calculations (Krüger 2013b), which are partly published in Stol-
wijk et al. (2013).
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4.4 Results around K̄

In the following, the evaluation of the unoccupied spin-orbit-split surface state

focuses on the electronic structure around K̄ (K̄′). Figs. 4.14 (a)-(c) and (d)-(f)

show the obtained data in the vicinity of K̄ and K̄′, respectively.

4.4.1 Unoccupied Valleys

Around K̄ and K̄′, the surface-state components S3 and S4 approach EF and

form spin-split pockets. In Figs. 4.15 (a) and (d), the dispersion around K̄

is further analyzed by spin-resolved constant-energy maps at E ≈ 0.75 eV and

E ≈ 0.35 eV (see dashed lines in Fig. 4.14), respectively. For each point of

the constant-energy plots, θ and ϕ are set, so that the SR-IPE measurement

(out-of-plane sensitivity) is carried out at a distinct value for kx and ky. The

corresponding spin-asymmetry maps are presented in Figs. 4.15 (b) and (e). At

E ≈ 0.75 eV, the constant-energy scan crosses the surface-state component S3

and grazes the bottom of S4. At E ≈ 0.35 eV, only the lower lying surface-state

component S3 is measured. The results reveal S3 as a ring-like feature, which

is in good agreement with theoretical calculations (see Fig. 4.15 (f)) (Krüger

2013a). The trigonal warping is found to be a consequence of the threefold

symmetry. A trigonal warping is also predicted for MoS2 (Kormányos et al.

2013), a system with similar out-of-plane spin-polarized valleys. The bottom

of S4 is detected as circular feature. The spin-asymmetry data provide proof

of the out-of-plane but opposite spin polarization of S3 and S4. Evidently,

around K̄ and K̄′, S3 and S4 form out-of-plane spin-polarized valleys with an

almost parabolic shape.

At the K̄ and K̄′ points, S3 and S4 exhibit a giant spin-dependent splitting in en-

ergy of about 0.6 eV. This splitting is almost two thirds of the atomic spin-orbit

splitting of a thallium p state (∆E = (2l + 1)λ ≈ 0.9 for l = 1, λ ≈ 0.3 eV),

larger by more than a factor of two than observed in the occupied surface-state

components S1 and S2 (Sakamoto et al. 2009). Charge distribution plots in

Fig. 4.13 (a) of the occupied and unoccupied surface-state components S1 and
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Figure 4.15 Constant-energy maps of Tl/Si(111)-(1×1) (preparation B) around K̄ at
(a) E ≈ 0.75 eV and (d) E ≈ 0.35 eV. The open circles show the calculated dispersion
of the lower lying surface-state component S3 (see (c) and (f)). (b) and (e) show
the corresponding spin-asymmetry data. Calculated constant-energy maps at (c)
E ≈ 0.75 eV and (f) E ≈ 0.35 eV (Krüger 2013a).
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Figure 4.16 (a) Illustration and (b) results of a constant-k‖ (k‖ ≈ 1.1Å) measure-
ment of Tl/Si(111)-(1×1) (preparation B) at a constant energy of E = 0.2 eV for

θ ≈ 60◦. k‖ =
√

k2x + k2y is fixed while kx and ky are varied by changing the sam-

ple azimuth ϕ = arctan
ky
kx

. The measurement crosses the lower lying surface-state
component S3 at K̄ and K̄′. The experiment is sensitive to the out-of-plane spin-
polarization direction (purple up- and orange down-pointing triangles). Note that
the results were also used to determine the high-symmetry directions of the sample.

S3 provide an explanation. At K̄ and K̄′, the unoccupied state is mainly lo-

calized at the Tl atoms, whereas the occupied surface state is localized at the

Si atoms. Charge distribution plots without considering spin-orbit interaction

indicate similar results (Lee et al. 2002). The nature of the giant splitting

is, therefore, assigned to the proximity of the unoccupied surface state to the

heavy nuclei (Nagano et al. 2009). Enhanced spin-orbit-induced splittings may

also be a result of an asymmetric charge distribution (Premper et al. 2007).

In the case of Tl/Si(111)-(1×1), the k-integrated valence-band charge distribu-

tion, which enters the Poisson equation, is almost spherically symmetric close

to the Tl atoms (see Fig. 4.13 (b)) (Krüger 2013b). Therefore, this argument

does not apply.

4.4.2 Spin Texture

Notably, at the K̄ and K̄′ points, the same features appear with opposite spin

polarization (compare spectra in Figs. 4.14 (b) and (e)). The spin-asymmetry

data in Figs. 4.14 (c) and (f) around K̄ and K̄′, respectively, underline this
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reversal. Spin-asymmetry values of more than 80% around K̄ and 60% around

K̄′ are found (without background subtraction).

Fig. 4.16 (b) shows a plot of the out-of-plane spin-resolved spectral intensity

at an energy of 0.2 eV as a function of the azimuth ϕ of the sample. If kx and

ky are the components of k‖ in the x and y direction, respectively (see illustra-

tion in Fig. 4.16 (a)), the measurement represents a momentum distribution

curve with constant k‖ =
√

k2
x + k2

y but varying kx and ky components (see

blue dashed line in Fig. 4.16 (a)). At K̄ and K̄′, the measurement crosses the

lower lying unoccupied surface-state component S3. Clearly, S3 is out-of-plane

spin polarized antiparallel to the surface normal at K̄ and out-of-plane spin

polarized parallel to the surface normal at K̄′. As discussed before, the differ-

ent spectral intensities at K̄ and K̄′ are related to the threefold symmetry of

the surface. Furthermore, the unpolarized background intensity can be easily

identified. The presented results strongly indicate almost 100% out-of-plane

but oppositely spin-polarized valleys in the vicinity of EF at K̄ and K̄′.

4.4.3 Occupied Valleys

The unoccupied surface state found on the pristine Tl/Si(111)-(1×1) surface

gives rise to almost completely out-of-plane spin-polarized valleys close to the

Fermi level at the K̄ and K̄′ points. However, spintronic applications rely on

metallic spin-polarized states. In the following, it will be demonstrated that

the valleys become metallic by adding more Tl to the Tl/Si(111)-(1×1) surface.

In this light, the unique properties of the Tl/Si(111)-(1×1) surface may open

up an avenue to improve the efficiency of spin currents for silicon spintronics

applications (Sakamoto et al. 2013).

Previous SARPES measurements detected occupied out-of-plane spin-polarized

valleys for Tl/Si(111)-(1×1) surfaces with Tl coverages of more than 1ML

(Sakamoto et al. 2013). In Sakamoto et al. (2013), it is argued that the metal-

lic valleys result from a downshift of the unoccupied surface-state component

S3 due to electron doping by the additional Tl atoms. Metallic valleys are also

found for the isoelectronic Tl/Ge(111)-(1×1) surface (Ohtsubo et al. 2012).
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Figure 4.17 (left-hand side) ARPES measurements (h̄ω = 21.22 eV) around K̄ of the
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Here, it is assumed that the occupation of adsorption sites at surface defects

by a small excess of Tl leads to electron doping mainly for the states localized

in the topmost Tl layer.

ARPES and SR-IPE measurements on surfaces with additional Tl are pre-

sented in Fig. 4.17. Surfaces with Tl coverages exceeding 1ML were prepared

as described in Sec. 4.2.2. The Tl coverage has been determined by STM and

by a comparison of the ARPES data obtained in this experiment with the

SARPES data presented in Sakamoto et al. (2013). Tl coverages of (i) 1ML,

(ii) approximately 1.1ML (see STM image in Sec. 4.2.2) and (iii) above 1.2ML

are analyzed. The SR-IPE and ARPES spectra were taken around the K̄ point.

For each coverage, the experiments were conducted at identical samples.
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(i) For 1ML, the ARPES experiment reveals the occupied surface-state emis-

sions S1 and S2. The SR-IPE spectra show the unoccupied surface-state

components S3 and S4. Close to EF, no occupied spectral feature is de-

tected. A Fermi level cut-off is observed, which indicates a metallic-like

character of the Tl/Si(111)-(1×1) surface. STM studies on Tl/Si(111)-

(1 × 1) show that this may be a result of surface defects, which lead to

an increased density of states near the Fermi level (Kocán et al. 2011).

(ii) At a coverage of about 1.1ML, the spectral intensities of S1 and S2

decrease and an occupied state S∗
3 appears at about 70meV below the

Fermi level. Good agreement is found in comparison with the SARPES

data from Sakamoto et al. (2013) (see spin-resolved photoemission data

in Fig. 4.17). S∗
3 may be identified as the former unoccupied surface state

S3. This would correspond to a shift of S3 of about 250meV. However,

no energy shift is observed for S3 and S4 in the corresponding SR-IPE

data. Here, only a decrease of the spectral intensities is observed.

(iii) For coverages above 1.2ML, S∗
3 disappears. This is accompanied by a

further decrease of the spectral intensities of S1, S2, S3 and S4. At the

same time, the ARPES measurements show an increased background

intensity in the vicinity of EF, which indicates an increased amount of

defects. Again, no shift of S3 and S4 is detected.

The results are interpreted as follows. The decrease of all spectral intensities

S1 to S4 for coverages above 1ML indicates a reduction of the surface quality.

The higher the excess amount of Tl the higher the surface roughness and the

lower the spectral intensities of the surface-state emissions. The transient coex-

istence of S3 and S∗
3 and the fact that no shift in energy is found for S3 and S4

are in contradiction with the interpretation of a homogenous doping. Rather,

the SR-IPE results suggest the formation of patches on the Tl/Si(111)-(1×1)

surface, where electron doping is effective. The SR-IPE results are also compat-

ible with the interpretation that S3 becomes partly occupied, due to a lifetime

broadening as a result of a reduced surface quality.

Independent of the interpretation of S∗
3 , Tl/Si(111)-(1×1) surfaces with a Tl
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Figure 4.18 Visualization of the Fermi surface of the doped Tl/Si(111)-(1×1) surface.
Completely out-of-plane but oppositely spin-polarized valleys are formed at K̄ and
K̄′, respectively. Scattering between valleys at K̄ and K̄′ is not allowed, as long as
the spin is preserved in the scattering process. (after Sakamoto et al. (2013))

coverage of about 1.1ML give rise to metallic almost completely out-of-plane

spin-polarized valleys at the K̄ (K̄′) points. No other states cross the Fermi

level and, thus, spin transport is solely determined by the valleys. Remarkably,

as has been demonstrated, the spin polarization is opposite at K̄ and K̄′. This

leads to a Fermi surface as illustrated in Fig. 4.18, where scattering between

the K̄ and K̄′ points is prohibited, since scattering due to nonmagnetic defects

such as adatoms and step edges must conserve the spin polarization (Roushan

et al. 2009, Hirayama et al. 2011). In combination with the high rigidity of

the surface state (see Sec. 4.3.3), this may open a new perspective towards the

realization of high efficient silicon spintronic devices (Sakamoto et al. 2013).

Moreover, a resemblance to MoS2 is found, a system which has attracted im-

mense attention in the field of valleytronics (Xiao et al. 2012, Mak et al. 2012,

Zeng et al. 2012, Feng et al. 2012). In both systems, the valleys at K̄ and

K̄′ carry opposite Berry curvature. This allows for transverse currents where

electrons with antipodal spin flow to opposite sides of the sample when an

electrical field is applied in the surface plane.
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4.4.4 Conclusion

In conclusion, at the K̄ (K̄′) points, the unoccupied surface state shows an

extraordinary large splitting in energy of about 0.6 eV, which is traced back to

the strong localization close to the Tl atoms. As a result, almost completely

out-of-plane but oppositely spin-polarized valleys are formed in the vicinity

of EF at K̄ and K̄′. Furthermore, the completely out-of-plane spin-polarized

valleys become metallic by adsorption of additional Tl. This gives rise to a

peculiar Fermi surface, where backscattering is strongly suppressed.

4.5 Results for the Γ̄M̄ Direction

So far, studies on the surface electronic structure of Tl/Si(111)-(1×1) con-

centrated on the Γ̄K̄ (Γ̄K̄′) directions, where occupied and unoccupied sur-

face states with unique properties emerge: Rotating spin-polarization vectors

and large energy splittings at the K̄ (K̄′) points. Investigations of the other

high-symmetry directions have been limited to brief discussions in theoretical

contributions (Ibañez-Azpiroz et al. 2011) and spin-integrated photoemission

experiments (Lee et al. 2002, Sakamoto et al. 2009, Gruznev et al. 2014). The

latter detect an occupied surface state along Γ̄M̄, which becomes a surface-

resonant state around M̄. In this section, the focus is put on the unoccupied

surface electronic structure along the Γ̄M̄ high-symmetry directions. Here, the

basic symmetry considerations discussed in Sec. 4.2.2 demand that spin-orbit-

split surface states have to be purely in-plane⊥ spin polarized and degenerate

at M̄.

4.5.1 Unoccupied Surface States

Fig. 4.19 (a) shows SR-IPE spectra for various angles of electron incidence θ

along the Γ̄M̄ high-symmetry direction. The SR-IPE experiment probes the in-

plane⊥ spin-polarization direction (red up- and blue down-pointing triangles)
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Figure 4.19 (a) and (b) SR-IPE spectra of Tl/Si(111)-(1×1) (preparation A) along
Γ̄M̄ with sensitivity to the in-plane⊥ spin-polarization direction (red up- and blue
down-pointing triangles). (c) SR-IPE spectra along Γ̄M̄ with sensitivity to the out-
of-plane/in-plane‖ spin-polarization direction (purple up-pointing and orange down-
pointing triangles). θ and ϕ denote the angle of electron incidence and the sample
azimuth, respectively.
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and a normalization to 100% effective in-plane⊥ beam polarization has been

applied. The E(k‖) plot in Fig. 4.20 (a) is obtained by a peak analysis of the

spectra (see Sec. 3.1), not all of which are shown in Fig. 4.19 (a) (additional

spectra are shown in appendix A.1).

At Γ̄, a spin-degenerate state is observed at about 2.8 eV (see also Stolwijk

et al. (2013) and Sec. 4.3). For increasing momenta parallel to the surface,

this state splits into two components, which are denoted as S3 and S4. For

θ > 45◦, the experiment probes the second Brillouin zone. Here, the observed

features are labeled S∗
3 and S∗

4 . S3(S
∗
3) and S4(S

∗
4) are in-plane⊥ spin polarized.

Notably, the Rashba splitting ER, i.e., the difference between the crossing

point and the band minimum, amounts to ER = 200meV. The momentum

shift k0 of the band extremum away from M̄ is determined to k0 ≈ 0.17 Å−1

(see Fig. 4.20 (a) and Sec. 2). This lies in the same order of magnitude as the

giant splitting observed for the frequently discussed surface alloy Bi/Ag(111)

(ER = 200meV) (Ast et al. 2007). It should be noted that, strictly speaking,

a value for αR is only reasonable for a state with nearly free electron like

dispersion, which is not observed for S3(S
∗
3) and S4(S

∗
4) (see also Sec. 4.7).

Similar to the evaluation of the giant splitting observed for the unoccupied

surface state along Γ̄K̄, the large spin-orbit-induced splitting can be attributed

to the close proximity of the surface-resonant state to the heavy nuclei of the

Tl atoms.

A corresponding density functional theory calculation within the local-density

approximation including spin-orbit interaction along Γ̄M̄ is presented in

Fig. 4.20 (b) (Krüger 2013c).7 According to the results of the quasiparti-

cle calculation for Tl/Si(111) employing a small slab (Stolwijk et al. 2013) (see

Fig. 4.4), the calculated eigenvalues are shifted by about 0.28 eV to compensate

for the DFT band-gap error. Spin-polarized states within the surface region

are plotted as red or blues circles, where the diameter of the circles corresponds

7Norm-conserving pseudopotentials that include scalar relativistic corrections and spin-
orbit coupling have been employed together with a representation of the wave function
by atom-centered Gaussian orbitals with s, p, d and s∗ symmetry (Stärk et al. 2011).
The Tl/Si(111) surface is treated within a supercell approach. Around M̄ point and along
Γ̄M̄, the surface states are resonant with Si bulk states. For a proper representation of
these surface resonances, a large slab with 70 Si substrate layers, a Tl adlayer and a
hydrogen layer terminating the lower surface has been used.
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Figure 4.20 (a) E(k‖) plot derived from spectra taken along Γ̄M̄ with sensitivity to
the in-plane⊥ spin-polarization direction. The gray-shaded area represents the cal-
culated projected bulk band structure from (b). To quantify the spin-orbit-induced
splitting, the Rashba energy ER and the shift k0 of the band minimum away from M̄
are determined. (b) Calculated band structure including spin-orbit coupling (Krüger
2013c). Spin-polarized states within the surface region are marked by circles. The
diameter of the circles is proportional to the spin polarization. Only in-plane⊥ spin
polarization exists. A correction of the band gap has been applied according to
quasiparticle calculations and measurements presented in Sec. 4.3.
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to the magnitude of the respective spin polarization. Only in-plane⊥ spin po-

larization occurs. In comparison with the theoretical calculations (Krüger

2013c) in Fig. 4.20 (b), S3(S
∗
3) and S4(S

∗
4) are allocated to the unoccupied

surface state of Tl/Si(111)-(1×1), which becomes a surface resonance along

Γ̄M̄.

4.5.2 Spin Texture

At M̄ (θ ≈ 45◦, k‖ ≈ 0.95Å−1), S3 and S4 are energetically degenerate. How-

ever, the SR-IPE measurements detect a high intensity asymmetry of the two

in-plane⊥-polarized spin components (see Figs. 4.19 (a) and (b)). In fact, this

intensity asymmetry is also observed from θ = 30◦ up to θ = 75◦. As a rule,

S4 exhibits a lower spectral intensity than S3. In the second Brillouin zone,

S∗
3 appears less intense than S∗

4 . Fig. 4.19 (c) presents SR-IPE measurements

with the spin sensitivity set to the out-of-plane/in-plane‖ spin-polarization di-

rection. Note that in these measurements, the intensity asymmetries at M̄ and

along Γ̄M̄ almost vanish. This indicates that the intensity asymmetry is related

to the spin quantization axis and possible explanations such as the limited en-

ergy and momentum resolution of the experiment can be ruled out. Instead,

the observations are explained in terms of spin-dependent transition probabili-

ties. The off-normal direction of photon detection and the off-normal angle of

electron incidence break the symmetry of the setup. This may, in analogy to

photoemission for nonnormal photon incidence, lead to the observation of spin

polarization, although the final state (initial state in photoemission) exhibits

no spin polarization (Henk et al. 1996, Jozwiak et al. 2011, Heinzmann and

Dil 2012, Park and Louie 2012, Jozwiak et al. 2013).

A closer investigation of the spin texture of the spin-orbit-split surface-resonant

state is conducted with the help of further SR-IPE measurements. Fig. 4.19 (b)

presents SR-IPE spectra taken with an azimuthal angle of the sample of

ϕ = 60◦, i.e., the neighboring Γ̄M̄ direction is measured. No change of the

in-plane⊥ spin-polarization direction of S3(S
∗
3) and S4(S

∗
4) is observed. The

lower spectral intensity is attributed to the influence of the threefold symmetry.

SR-IPE spectra with negative angles of electron incidence θ (see Fig. 4.19 (b))
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Figure 4.21 (a) Illustration of the measured k‖ directions at an angle ϕ with respect
to Γ̄M̄. (b) SR-IPE measurements of Tl/Si(111)-(1×1) (preparation A) with sensi-
tivity to the out-of-plane/in-plane‖ spin-polarization direction along directions at an
angle ϕ = 8◦ (Γ̄µ̄8) and ϕ = −8◦ (Γ̄µ̄−8). (c) Plot of the observed spin asymmetry
at E1 and E2 (see (b)) for θ = 40◦ as a function of the sample azimuth ϕ.

indicate a reversed spin polarization for S3 and S4. SR-IPE measurements

with the spin sensitivity set to the out-of-plane/in-plane‖ spin-polarization di-

rection (see Fig. 4.19 (c)) show no out-of-plane/in-plane‖ spin polarization. In

total, a clear indication for a Rashba-type spin splitting is at hand.

To further test the out-of-plane/in-plane‖ spin degeneracy, Fig. 4.21 (b)

presents measurements for θ = 40◦ along k‖ directions at an angle of ϕ = 8◦

(Γ̄µ̄8◦) and ϕ = −8◦ (Γ̄µ̄−8◦) with respect to Γ̄M̄ (see blue lines in Fig. 4.21 (a)).

Along both directions, features with out-of-plane/in-plane‖ spin polarization

are found, whereas the spin polarization is reversed between Γ̄µ̄8◦ and Γ̄µ̄−8◦ .

To systematically evaluate the appearance of out-of-plane/in-plane‖ spin polar-

ization, the spin asymmetry is monitored at two discrete energies E1 and E2,

while varying the azimuth ϕ of the sample (see Fig. 4.21 (c)). E1 and E2 are

chosen according to Fig. 4.21 (b), because at E1 and E2 large spin asymmetry
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is detected, which is oppositely oriented at E1 and E2. At E1, the observed

spin asymmetry decreases (increases) linearly up to ϕ ≈ 12◦ (ϕ ≈ −12◦). The

opposite behavior is found at E2. Remarkably, out-of-plane/in-plane‖ spin

asymmetry already emerges for ϕ ≈ 2◦ (see ϕ ≈ 2◦ in Fig. 4.21 (c)), which

corresponds to a shift of about 0.03 Å−1 away from Γ̄M̄. Ultimately, the results

demonstrate the relevance of the symmetry of the system, i.e., the mirror plane

along Γ̄M̄, for the spin textures of the surface states.

4.5.3 Conclusion

In conclusion, along Γ̄M̄, we detected a surface-resonant state with giant spin-

orbit-induced spin splitting, which has not been identified in literature, so

far, neither experimentally nor theoretically. Evidently, along Γ̄M̄, the spin-

polarization direction is confined to the in-plane⊥ spin-polarization direction.

This is in agreement with the symmetry of the surface, as the Γ̄M̄ directions

lie in the mirror planes of the system. Intriguingly, this restriction is limited

to the high-symmetry line, as additional spin-polarization directions emerge

already for small deviations from the mirror plane. A fact, which can be used

as a sensor to calibrate the Γ̄M̄ direction, but also stresses the importance of

a correct sample and electron beam alignment to avoid misinterpretations of

experimental data, when investigating complex k-dependent spin textures.

4.6 Results for the K̄M̄(K̄
′
M̄) Direction

For Tl/Si(111)-(1×1), an unoccupied spin-orbit-split surface state is found

along Γ̄K̄ and Γ̄M̄. This section presents the results for the K̄M̄ (K̄′M̄) direction.

Here, band structure calculations already predict a state, which can be viewed

as the continuation of the surface state observed along Γ̄K̄ (see Sec. 4.1).
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Figure 4.22 (a), (d) SR-IPE spectra of Tl/Si(111)-(1×1) (preparation A) along k‖

directions in between Γ̄M̄ and Γ̄K̄(Γ̄K̄′) with sensitivity to the out-of-plane/in-plane‖
spin-polarization direction. (b) Illustration of the conducted SR-IPE measurements
along k‖ directions in between Γ̄M̄ and Γ̄K̄ (Γ̄K̄′), denoted as Γ̄µ̄1...13. (c) Illustration
of the spin-polarization components of S3 according to the calculations in Fig. 4.23.
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Figure 4.23 (a) E(k‖) plot derived from spectra shown in Fig. 4.22 (open triangles)
and Figs. 4.7 and 4.10 (filled triangles). The gray-shaded area represents the calcu-
lated projected bulk band structure. The Rashba energy ER and the momentum
shift k0 are determined to ER = 320meV and k0 = 0.20Å−1. (b) and (c) present
band structure calculations within the local-density approximation including spin-
orbit interaction along K̄M̄K̄′ illustrating (b) the out-of-plane and (c) in-plane⊥ spin
polarization as circles (Krüger 2013c). The diameter of the circles is proportional
to the spin polarization, with a maximum degree of 100%, e.g., S4 at K̄. A correc-
tion of the band gap has been applied according to quasiparticle calculations and
measurements presented in Sec. 4.3 (see also discussion in Sec. 4.5.1).
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4.6.1 Unoccupied Surface States

The spin-dependent surface electronic structure along the K̄M̄ (K̄′M̄) direction

is accessed in two ways:

(i) SR-IPE measurements along k‖ directions in between Γ̄M̄ and Γ̄K̄ (Γ̄K̄′)

with sensitivity to the out-of-plane/in-plane‖ spin-polarization direction.

Fig. 4.22 (b) shows a sketch of the measured directions denoted as Γ̄µ̄1...13.

The measurement direction is set by varying the azimuth ϕ of the sam-

ple. Note that the SR-IPE experiment is sensitive to the out-of-plane

and in-plane‖ spin-polarization direction with respect to k‖. As the mea-

surement directions intersect the K̄M̄ (K̄′M̄) line (see Fig. 4.22 (c)), the

experiment simultaneously probes the out-of-plane and in-plane⊥ spin-

polarization direction with respect to K̄M̄ (K̄′M̄). It will be demonstrated

that the out-of-plane spin polarization is dominant. Therefore, spectra

have been normalized to 100% out-of-plane spin polarization (purple up-

and orange down-pointing triangles). The obtained spectra are presented

in Figs. 4.22 (a) and (d). The angle of electron incidence θ and the az-

imuth of the sample ϕ are set, so that the lower lying state S3 is measured

along K̄M̄ (K̄′M̄). As a result, S4 is measured at a slightly shifted position

∆k in k-space (∆k ≤ 0.05 Å−1).

(ii) SR-IPE measurements along Γ̄K̄M̄ and Γ̄K̄′M̄ with sensitivity to the out-

of-plane/in-plane‖ spin-polarization direction, as presented in Sec. 4.3.

Along Γ̄K̄M̄, no in-plane‖ spin polarization occurs (Stolwijk et al.

2013). The experiment detects, therefore, only the out-of-plane spin-

polarization component.

Along K̄M̄ (K̄′M̄), two dispersive features are identified: S3 and S4 (see

Fig. 4.22). The corresponding E(k‖) plot in Fig. 4.23 (a) is obtained by a

peak analysis (see Sec. 3.1) of the spectra presented in Figs. 4.22 and 4.7

and gives an overview of the dispersion of S3 and S4. The dispersion agrees

well with the theoretical findings (see Figs. 4.23 (b) and (c)) (Krüger 2013c).

Around M̄, S3 and S4 are degenerate (see θ = 45◦ in Fig. 4.22 (a)). Approach-

ing K̄, S3 and S4 become spin split and exhibit out-of-plane/in-plane‖ spin
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polarization. Around K̄(K̄′), S3 and S4 form valleys, which are split in energy

by about 0.6 eV. In comparison with the results for the Γ̄K̄ (Γ̄K̄′) direction

(see Sec. 4.3), S3 and S4 are easily identified as the continuation of the surface-

state components observed along Γ̄K̄ (Γ̄K̄′). These become surface resonances

around M̄. A giant spin splitting with ER = 320meV and k0 = 0.20 Å−1 is

detected (see Fig. 4.23 (a)). This even exceeds the giant splitting observed for

the Bi/Ag(111) alloy. It is reasonable to attribute the large spin splitting to

the localization of the state close to the Tl atoms.

4.6.2 Spin Texture

In the following, the spin texture of S3 and S4 is addressed. At M̄, the exper-

imental results demonstrate that S3 and S4 are energetically degenerate and

exhibit no out-of-plane/in-plane‖ spin polarization (see θ = 45◦ in Fig. 4.22 (a)

and Sec. 4.5.2). Furthermore, around K̄ (K̄′), S3 and S4 are almost completely

out-of-plane spin polarized (see θ = 55◦ to 70◦ in Fig. 4.7). Compared to the

K̄M̄ direction, S3 and S4 appear with the opposite spin polarization along

K̄′M̄ (compare, e.g., ϕ = 6◦ in Fig. 4.22 (a) with ϕ = −6◦ in Fig. 4.22 (d)).

Particular attention has to be paid to the SR-IPE measurements around M̄

taken at k‖ directions in between Γ̄K̄ and Γ̄M̄ (see Figs. 4.22 (a) and (d)).

Here, the experiment simultaneously probes the out-of-plane and in-plane⊥
spin-polarization direction with respect to K̄M̄ (K̄′M̄). To discern whether

the out-of-plane or the in-plane⊥ spin polarization is dominant, measurements

are conducted along K̄′M̄ for ϕ = −6◦ and ϕ = 67◦. The basic principle is as

follows. For ϕ = −6◦ and ϕ = 67◦, S3 exhibits out-of-plane and in-plane⊥ spin-

polarization components as illustrated in Fig. 4.23 (c). Importantly, in com-

parison with ϕ = −6◦, symmetry arguments demand that only the in-plane⊥
spin-polarization direction reverses for ϕ = 67◦, whereas the direction of the

out-of-plane spin polarization is not changed. The in-plane⊥ spin-polarization

component is dominant, if the SR-IPE measurements for ϕ = −6◦ and ϕ = 67◦

show a reversal of the spin polarization of S3. Clearly, the results in Fig. 4.22 (d)

detect no change of the spin polarization. Therefore, it is concluded that the

out-of-plane spin-polarization component poses the dominant contribution to
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the observed spin polarization.

Band structure calculations in Figs. 4.23 (b) and (c) show the out-of-plane

and in-plane⊥ spin-polarization components of S3 and S4, respectively (Krüger

2013c). Along K̄M̄ (K̄′M̄), the spin texture contains out-of-plane and in-plane⊥
spin-polarization components. In-plane‖ spin polarization is not allowed as

a consequence of symmetry arguments. At K̄ (K̄′), S3 and S4 are almost

completely out-of-plane spin polarized. Theory shows that approaching M̄,

the in-plane⊥ spin-polarization component increases but is always at least a

factor of about two smaller than the out-of-plane spin-polarization component.

At M̄, the surface state is degenerate. The SR-IPE experiments verify these

findings.

4.6.3 Conclusion

In conclusion, along the K̄M̄ (K̄′M̄) high-symmetry direction, a spin-orbit-

split surface state is detected, which can be viewed as the continuation of the

unoccupied surface state found along Γ̄K̄ (see, e.g., band structure calculations

in Sec. 4.1). In the vicinity of M̄, the surface state possesses a giant spin

splitting and is predominately out-of-plane spin polarized. Interestingly, this

is in contrast to the Γ̄M̄ direction, where the surface state is purely in-plane

spin polarized. This gives rise to a complex spin texture around M̄, which is

evaluated in the next section.

4.7 Results around M̄

The investigations of Tl/Si(111)-(1×1) unveil spin-orbit-split surface states

along Γ̄M̄ and K̄M̄ (K̄′M̄), which exhibit giant spin splittings around M̄. Along

Γ̄M̄, only in-plane⊥ spin polarization occurs, whereas along K̄M̄ (K̄M̄′) out-of-

plane spin polarization is dominant. The findings give rise to the question that

is at the center of this section. How is the spin texture around M̄?
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4.7.1 Spin Texture

The first step is to understand the dispersion behavior of the surface state

around M̄. For this purpose, the band structure is modeled with the help

of a simple approach using an effective Hamiltonian Heff , which takes into

account the C1h symmetry of the M̄ point (mirror plane along kx) and first

order Rashba parameters α (Vajna et al. 2012):

Heff = H(kx) +H(ky) +HR, (4.1)

H(kx) =
h̄2

2m∗
x4

k4
x, (4.2)

H(ky) =
h̄2

2m∗
y2

k2
y +

h̄2

2m∗
y4

k4
y +

h̄2

2m∗
y6

k6
y, (4.3)

HR = α1kxσy + α2kyσx + α3kyσz. (4.4)

The C1h symmetry implies different dispersion behavior along M̄Γ̄ (kx) and M̄K̄

(M̄K̄′) (ky). The essential parameters for H(kx) and H(ky) are deduced from

fits (red dotted lines in Fig. 4.24) to the experimental spin-integrated E(k‖)
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Figure 4.24 SR-IPE spectra around M̄ along (left-hand side) M̄Γ̄ and (right-hand
side) M̄K̄ (M̄K̄′) from Secs. 4.5 and 4.6, respectively. The red dotted lines represent
fits to the spin-integrated data (black markers). Red solid lines denote fits to the
spin-resolved data.
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dispersion data (black markers in Fig. 4.24). The dispersion along the M̄Γ̄

direction is described by a polynomial of the order k4
x with an effective mass

of m∗
x4 ≈ 0.2me. Along M̄K̄, a good approximation is found by taking into

account contributions up to the order k6
y with m∗

y2 ≈ 0.55me, m∗
y4 ≈ −0.032me

and m∗
y6 ≈ 0.010me. According to the model, the spin-resolved dispersion is

given by

E± = E0 +
h̄2k4

x

2m∗
x4

+
h̄2k2

y

2m∗
y2

+
h̄2k4

y

2m∗
y4

+
h̄2k6

y

2m∗
y6

±
√

α2
1k

2
x + α2

2k
2
y + α2

3k
2
y, (4.5)

where E0 is the crossing point of the two spin-split bands and the spin polar-

ization is

P = (px, py, pz) =
(α2ky, α1kx, α3ky)

|(α2ky, α1kx, α3ky)|
. (4.6)

The Rashba parameter α1 ≈ 1 eVÅ is determined by fitting the spin-resolved

E(k‖) data along M̄Γ̄ (ky = 0) (red lines in Fig. 4.24). Along K̄M̄ (kx = 0),

the SR-IPE data contain information on the out-of-plane and in-plane⊥ spin-
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Figure 4.25 (a) Illustration of the modeled E(k‖) dispersion around M̄. The red
lines represent the fit results along M̄Γ̄ (kx) and M̄K̄ (M̄K̄′) (ky). (b) The blue line
shows the (top) top view and (bottom) tilted view of the constant-energy contour
(kx-ky plane) of the surface-state component E+ at E = 1.3 eV (see also blue line in
(a)). The spin texture is illustrated by arrows.
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polarization components (see Sec. 4.6). Therefore, separate values for α2 and

α3, which relate to the in-plane⊥ (px) and out-of-plane (pz) spin-polarization

components, respectively, can not be experimentally obtained. Instead, the

fit yields α =
√

α2
2 + α2

3 ≈ 0.95 eVÅ. Values for α2 and α3 are estimated by a

comparison with theory, which predict a ratio of px
pz

≈ 0.5 in the vicinity of M̄.

Accordingly, one obtains α2 ≈ 0.43 eVÅ and α3 ≈ 0.85 eVÅ.

Fig. 4.25 (a) shows the modeled band dispersion. Around M̄, the surface-state

band E+ forms a cone-like feature. Fig. 4.25 (b) shows the contour of this state

(blue line) in the kx-ky plane (top view and tilted view) at an energy of 1.3 eV.

The surface-state component exhibits an elliptical shape in accordance with the

C1h symmetry of the M̄ point. Note that systems with C2v symmetry, such as

W(110) and Au(110), possess similar anisotropic dispersions (Simon et al. 2010,

Miyamoto et al. 2012b). However, in contrast to systems with C2v symmetry,

the spin texture may contain out-of-plane spin-polarization components. The

spin texture deduced from the model is illustrated for the constant-energy

contour at 1.3 eV (see arrows in Fig. 4.25 (b)). At the M̄Γ̄ intersections, the

state is completely in-plane⊥ but oppositely spin polarized. On the other

hand, at the M̄K̄ and M̄K̄′ intersections, the spin-polarization direction is

predominately antiparallel and parallel to the surface normal, respectively. The

spin texture can be seen as a spin chirality in reciprocal space around M̄.

4.7.2 Conclusion

Intriguingly, the results obtained for M̄K̄ and Γ̄M̄ indicate a peculiar spin tex-

ture around M̄. Along M̄K̄, the surface state is predominately out-of-plane spin

polarized, whereas it is purely in-plane spin polarized along Γ̄M̄. Light is shed

onto the spin texture by fitting an effective Hamiltonian to the experimental

data. This yields a model of the E(k‖) dispersion around M̄ and a direct way

to model the spin polarization. At a given energy, the M̄ point is encircled by

a surface-state component with a spin texture, which can be viewed as spin

chirality in momentum space.





5 Summary

The study of Tl/Si(111)-(1×1) focused on spin-orbit-split surface states and

their spin textures, which result from the intimate interplay between SOI and

the surface symmetry - a current hot topic in condensed matter physics. The

work presented in this thesis is unique in several aspects:

(i) It presents the first spin-resolved measurements of the unoccupied band

structure of a heavy-metal monolayer system on a semiconducting substrate,

with unprecedented agreement between theory and experiment. This has

been accomplished by the development of a spin-polarized electron source,

the ROSE, which enables 3D spin analysis in the inverse-photoemission exper-

iments. The key feature of the ROSE is the rotation of the source chamber. As

a result, the SR-IPE experiment allows measurements of the unoccupied elec-

tronic structure with sensitivity to two orthogonal in-plane spin-polarization

directions and, for nonnormal electron incidence, to the out-of-plane spin-

polarization direction, simply by rotating the source chamber. During rotation,

neither the sample nor the preparation of the GaAs photoemitter are affected,

so that measurements with different spin sensitivities can be conducted at the

same sample preparation. Ultimately, the ROSE provides access to a wide sub-

ject area in surface science, where it is crucial to get an exact knowledge on the

spin polarization of unoccupied states. Investigations on the spin-dependent

unoccupied electronic structure of Tl/Si(111)-(1×1) are a case in point and

demonstrate the beauty of the ROSE.

(ii) It is experimentally demonstrated that Tl/Si(111)-(1×1) features a spin-
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orbit-split surface state, which extends over the complete surface Brillouin

zone. Tl/Si(111)-(1×1) is, thus, the prime candidate to study complex spin

textures, which result from the interplay between SOI and the C3v symmetry of

the surface. Along Γ̄K̄ (Γ̄K̄′), the spin-polarization vectors of the unoccupied

surface-state components rotate from the in-plane⊥ spin-polarization direction

around Γ̄ to the direction perpendicular to the surface at the K̄ (K̄′) points.

The continuation of these states are predominately out-of-plane spin polarized

along K̄M̄ (K̄′M̄). Along Γ̄M̄, the state is found to be a surface resonance,

whereas symmetry arguments force the spin-polarization direction to the in-

plane⊥ direction. In total, experimental evidence is found, which indicate a

spin chirality in reciprocal space around the M̄ point.

(iii) The unoccupied surface state exhibits giant spin-orbit-induced spin split-

tings around and at the high-symmetry points of the system. Around M̄,

splittings are observed, which show strong similarities to the predictions of the

Rashba-Bychkov model. On the other hand, deviations are found with respect

to the spin-polarization directions. Remarkably, the detected splittings are

in the same order of magnitude as the giant splitting found for the famous

Bi/Ag(111) surface alloy. At K̄ (K̄′), an energy splitting is found, which is

related to the C3 symmetry of the high-symmetry points. Intriguingly, the

spin-dependent energy splitting amounts to 0.6 eV, more than double of the

splitting of the occupied state and the largest spin-orbit splitting measured

to date in any spin-orbit-dominated surface system (at and around a high-

symmetry point). With the help of theoretical calculations, the giant split-

tings are allocated to the proximity of the unoccupied surface state to the

heavy adlayer nuclei.

(iv) At K̄ and K̄′, almost 100% out-of-plane but oppositely spin-polarized val-

leys are detected. These lie within the fundamental band gap of the Si sub-

strate and appear close to the Fermi level. Remarkably, doping by additional

Tl adsorption renders the valleys metallic, which results in a peculiar Fermi

surface, where backscattering is strongly suppressed. This may be important

for future spintronic or valleytronic devices.

In conclusion, the presented work demonstrates that SR-IPE with the ROSE



Chapter 5 Summary/ Zusammenfassung 91

can provide important insight into SOI-induced phenomena in systems with

reduced dimensionality. Here, the strength of the experiment is, first and

foremost, to resolve all necessary spin information of the unoccupied sur-

face electronic structure. Ultimately, the presented results pave the way for

ongoing studies on spin-orbit-dominated surface systems such as topologi-

cal insulators and other metal surfaces or adlayer systems. One example

is Tl/Ge(111)-(1×1), the isovalence electronic system to Tl/Si(111)-(1×1).

Results on Tl/Ge(111)-(1×1) will be presented in the Master thesis of P.

Eickholt (Eickholt 2014).1 Like Tl/Si(111)-(1×1), Tl/Ge(111)-(1×1) features

an unoccupied surface state, which can be detected throughout the complete

surface Brillouin zone and exhibits complex spin textures. A highlight of

Tl/Ge(111)-(1×1) is the spin texture around M̄, which resembles but is not

alike the spin chirality found on Tl/Si(111)-(1×1). In particular, a comparison

of Tl/Si(111)-(1×1) with Tl/Ge(111)-(1×1) may elucidate even subtle effects,

e.g., substrate-induced differences, to further unravel the consequences and

the impact of SOI on surface electronic states.

1P. Eickholt was supervised by the author.





Zusammenfassung

Im Fokus der Studie von Tl/Si(111)-(1×1) standen Oberflächenzustände und

deren Spinstrukturen, die durch ein enges Wechselspiel zwischen der Spin-

Bahn-Wechselwirkung und der Oberflächensymmetrie komplexe Formen an-

nehmen können - ein aktuelles Forchungsgebiet der Festkörperphysik. Die in

dieser Arbeit entstandenen Ergebnisse sind beachtenswert aus mehreren Grün-

den:

(i) Es werden die ersten spinaufgelösten Messungen der unbesetzten Band-

struktur von einem System bestehend aus einer atomar dicken Schicht Schwer-

metall auf einem halbleitendem Substrat präsentiert. Die Übereinstimmung

mit den theoretischen Vorhersagen ist bemerkenswert. Den Grundstein der

Arbeit legt die während dieser Arbeit entwickelte Quelle für spinpolarisierte

Elektronen - die ROSE (ROtierbare Quelle für Spinpolarisierte Elektronen) -

und die damit einhergehende Implementierung der 3D Spinanalyse im Experi-

ment. Durch eine Rotation der Quellenkammer ist das Experiment sensitiv auf

zwei orthogonale Spinpolarisationsrichtungen in der Probenebene und zusätz-

lich, für nicht senkrechten Elektroneneinfall, auf die Spinpolarisationsrichtung

senkrecht zur Oberfläche. Es ist hervorzuheben, dass eine Rotation der Quelle

keine Auswirkung auf die Probe oder die GaAs Photokathode hat. Messun-

gen mit verschiedenen Spinsensitivitäten können daher an ein und derselben

Probenpräparation stattfinden. Letztlich kann mit der ROSE ein umfassen-

des Forschungsgebiet der Oberflächenphysik erschlossen werden, für das die

genaue Kenntnis der Spinpolarisation von unbesetzten Zuständen unabding-

bar ist. Die Schönheit der ROSE wird insbesondere durch die Messungen an
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der spinabhängigen unbesetzen elektronischen Struktur von Tl/Si(111)-(1×1)

wiedergespiegelt.

(ii) Für Tl/Si(111)-(1×1) wird ein Spin-Bahn-aufgespaltener Oberflächenzu-

stand in der gesamten Oberfächen-Brillouin-Zone nachgewiesen. Damit ist

Tl/Si(111)-(1×1) ein exzellenter Prototyp um Spinstrukturen zu studieren,

welche durch das Wechselspiel zwischen der Spin-Bahn-Wechselwirkung und

der C3v Symmetrie der Oberfläche resultieren. Entlang Γ̄K̄ (Γ̄K̄′) rotieren die

Spinpolarisationsvektoren der aufgespaltenen Komponenten des Oberlächenzu-

stands von der Richtung in der Ebene um Γ̄ zur Richtung senkrecht zur Ober-

läche an den K̄ (K̄′) Punkten. Entlang der K̄M̄ (K̄′M̄) Richtung ist die Spin-

polarisation senkrecht zur Oberläche dominant. Entlang Γ̄M̄ wird der Ober-

flächenzustand zur Oberflächenresonanz und weist aus Symmteriegründen nur

Spinpolarisation in der Ebene auf. Diese Einschränkung ist hierbei stark auf die

Γ̄M̄ Richtung begrenzt. Insgesamt deuten die Beobachtungen auf eine außer-

gewöhnliche Spinstruktur um den M̄ Punkt: Eine Spinchiralität im reziproken

Raum.

(iii) Um und an den Hochsymmetriepunkten des Systems zeigt der unbesetz-

te Oberlächenzustand riesige Spin-Bahn-induzierte Spinaufspaltungen. Um

M̄ werden Aufspaltungen beobachtet, welche den Erwartungen des Rashba-

Bychkov Models stark ähneln. Unterschiede finden sich vor allem hinsichtlich

der Spinpolarisationsrichtungen. Es ist bemerkenswert, dass die gemessenen

Aufspaltungen in der gleichen Größenordnung liegen, wie beim oft, im Bezug

auf die riesige Aufspaltung, diskutierten System Bi/Ag(111). An den K̄ (K̄′)

Punkten wird eine Energieaufspaltung detektiert, die aus der C3 Symmetrie

der Hochsymmetriepunkte folgt. Die Energieaufspaltung beträgt etwa 0, 6 eV,

mehr als der doppelte Wert der Aufspaltung des besetzen Oberlächenzustands

und die bisher größte gemessene Aufspaltung an Spin-Bahn-dominierten Ober-

flächensystemen (um und an einem Hochsymmteriepunkt). Mit Hilfe von

theoretischen Rechnungen können die großen Aufspaltungen mit der starken

lokalisierung des Zustands an den schweren Tl Kernen verstanden werden.

(iv) An den K̄ und K̄′ Punkten werden zu fast 100% senkrecht zur Oberflä-

che spinpolarisierte muldenähnliche Zustände detektiert. Diese befinden in der
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fundamentalen Bandlücke des Si Substrates und sind nahe der Fermienergie

lokalisiert. Interessanterweise führt die Zugabe von weiterem Tl Atomen auf

die Tl/Si(111)-(1×1) Oberfläche zu einer Dotierung und damit zu metallischen

spinpolarisierten Muldenzuständen. Von herausragender Bedeutung ist die Fer-

mifläche des dotierten Systems, in der Rückstreung verboten ist. Für die Ent-

wicklung zukünfiger elektronsicher Bauteile, bei denen der Spin des Elektrons

als Informationsträger dient, kann dies ein entscheidender Faktor sein.

Zusammenfassend zeigt die vorgestellte Arbeit, dass die spin- und winkelauf-

gelöste Inverse Photoemission mit der ROSE einen wichtigen Beitrag zur For-

schung Spin-Bahn-induzierte Phänomene an dimensionsreduzierten Systemen

leisten kann. Hierbei liegt das Potential vor allem darin, alle Spinpolarisa-

tionsrichtungen von unbesetzten Zuständen zu untersuchen. Schlussendlich,

bereiten die vorgestellten Ergebnisse den Weg für weiterführende Studien an

Spin-Bahn-dominierten Systemen wie topologische Isolatoren und anderen

Metall- und Adlagenoberflächen. Ein Beispiel ist Tl/Ge(111)-(1×1), das isova-

lenzelektronische System zu Tl/Si(111)-(1×1). Resultate zu Tl/Ge(111)-(1×1)

werden in der Masterarbeit von P. Eickholt vorgestellt (Eickholt 2014).2

Ebenso wie Tl/Si(111)-(1×1) besitzt Tl/Ge(111)-(1×1) einen unbesetzten

Oberflächenzustand mit komplexen Spinstrukturen, der entlang aller Hoch-

symmetrierichtungen beobachtet werden kann. Ein besonderes Augenmerk

liegt auf der Spinstruktur um M̄, die sich charakteristisch von der Spinspirale

der Tl/Si(111)-(1×1) Oberfläche unterscheidet. Im Speziellen kann ein Ver-

gleich der beiden Systeme helfen subtile Effekte, wie zum Beispiel der Einfluss

des Substrates, aufzudecken und den Einfluss der Spin-Bahn-Wechselwirkung

systematisch zu entschlüsseln.

2P. Eickholt wurde vom Autor betreut.





A Appendix

A.1 Additional SR-IPE Spectra

Here, SR-IPE spectra of Tl/Si(111)-(1×1) are shown, which are not presented

within the main manuscript for reasons of clarity, but were used to determine

E(k‖) dispersions. Figs. A.1 (a) and (b) show SR-IPE spectra along Γ̄K̄ and

Γ̄M̄, respectively.
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Figure A.1 (a) SR-IPE spectra along Γ̄K̄ with sensitivity to the out-of-plane spin-
polarization direction (purple up-pointing and orange down-pointing triangles). (b)
SR-IPE spectra along Γ̄M̄Γ̄ with sensitivity to the in-plane⊥ spin-polarization direc-
tion (red up-pointing and blue down-pointing triangles). θ and ϕ denote the angle
of electron incidence and the sample azimuth, respectively.
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A.2 E(k‖) False Color Plots

With the introduction of hemispherical electron analyzers in ARPES exper-

iments, which allow a parallel detection of multiple electron emission angles,

results on the occupied surface electronic structure are often presented as E(k‖)

false color plots. In comparison with the presentation of single energy distri-

bution curves, this has the advantage that one obtains a quick overview of the

E(k‖) dispersion. Typically, the detection unit of the analyzer provides E(θ)

images, which can be translated into E(k‖) plots by relating each measured

point to the momentum parallel to the surface. Often, to pronounce the ob-

served spectral features the second derivatives of the data are shown. Usually,

the second derivatives are calculated numerically from smoothed raw data to

produce smooth second derivatives images. It should be noted that the E(k‖)

image of the second derivatives may convey a misleading impression of the

band structure as not the real spectral intensities are shown. Unfortunately, it

is not always clear whether the raw data or the second derivatives of the data

are presented.

The E(k‖) false color plots presented in this work were obtained with a similar

approach. For a set of SR-IPE spectra along one k‖ direction, i.e., a set of

spin-resolved spectra for various angles of electron incidence, the procedure is

as follows. First, the second derivatives of the SR-IPE spectra are numerically

calculated for each θ and spin channel. Subsequently, a small smoothing is

applied. A smoothing is chosen, which influences the data minimally and

produces smooth enough second derivatives images. Note that this procedure

abstains from interpolating the data prior to the calculation of the derivatives,

although these would produce even smoother images. The second derivatives

are used to plot an E(θ) image. To account for the limited angular resolution

∆θ of the experiment, the E(θ) data is convoluted with a Gaussian function

(FWHM= ∆θ) along the angular axis. E(θ) is transformed into an E(k‖) false

color plot by calculating k‖ for each point.
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