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Abstract
Surface systems attract great scientific attention due to novel and exotic properties.
The atomically structured surfaces lead to a reduced dimensionality which alters
electronic correlations, vibrational properties, and their impact on each other. The
emerging physical phenomena are not observed for related bulk materials. In this
thesis, ordered (sub)monolayers of metal atoms (Au and Sn) on semiconductor
substrates (Si(111) and Ge(111)) and ultrathin intermetallic films (CePt5 and LaPt5)
on metal substrate (Pt(111)) are investigated by polarized in situ surface Raman
spectroscopy. The surface Raman spectra exhibit features of specific elementary
excitations like surface phonons and electronic excitations, which are suitable to
gain fundamental insights into the surface systems.

The Au-induced surface reconstructions (5×2) and (
√

3 ×
√

3) constitute quasi-
one- and two-dimensional Au structures on the Si(111) substrate, respectively.
The new reconstruction-related Raman peaks are analyzed with respect to their
polarization and temperature behavior. The Raman results are combined with first-
principles calculations to decide between different proposed structural models. The
Au-(5×2)/Si(111) reconstruction is best described by the model of Kwon and Kang,
while for Au-(

√
3 ×

√
3)/Si(111) the conjugate honeycomb-chained-trimer model is

favored. The Sn-induced reconstructions with 1
3 monolayer on Ge(111) and Si(111)

are investigated to reveal their extraordinary temperature behavior. Specific surface
phonon modes are identified that are predicted within the dynamical fluctuation
model. Contrary to Sn/Si(111), the corresponding vibrational mode of Sn/Ge(111)
exhibits a nearly harmonic character. The reversible structural phase transition
of Sn/Ge(111) from (

√
3 ×

√
3) to (3×3) is observed, while no phase transition is

apparent for Sn/Si(111). Moreover, Raman spectra of the closely related systems
Sn-(2

√
3 × 2

√
3)/Si(111) and thin films of α-Sn as well as the clean semiconductor

surfaces Si(111)-(7×7) and Ge(111)-c(2×8) are evaluated and compared.
The CePt5/Pt(111) system hosts 4f electrons whose energy levels are modified

by the crystal field and are relevant for a description of the observed Kondo physics.
In contrast, isostructural LaPt5/Pt(111) has no 4f electrons. For CePt5/Pt(111),
distinct Raman features due to electronic Raman scattering can be unambiguously
related to transitions between the crystal-field states which are depth-dependent.
This assignment is supported by comparison to LaPt5/Pt(111) and group theoretical
considerations. Furthermore, the vibrational properties of CePt5 and LaPt5 reveal
interesting similarities but also striking differences like an unusual temperature
shift of a vibration mode of CePt5, which is related to the influence of 4f electrons.
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Zusammenfassung
Oberflächensysteme sind durch ihre neuartigen Eigenschaften von großem wis-
senschaftlichen Interesse. Die reduzierten Dimensionen atomar-strukturierter Ober-
flächen ändern elektronische Korrelationen, vibronische Eigenschaften und deren
gegenseitige Beeinflussung. Entsprechende physikalische Phänomene sind für Volu-
mensysteme unbekannt. In dieser Arbeit werden geordnete Monolagen von Metall-
atomen (Au und Sn) auf Halbleitersubstraten (Si(111) und Ge(111)) und dünne
intermetallische Filme (CePt5 und LaPt5) auf metallischem Substrat (Pt(111)) durch
polarisierte in situ Oberflächen-Raman-Spektroskopie untersucht. Die Oberflächen-
Raman-Spektren zeigen spezielle elementare Anregungen, wie Oberflächenphononen
und elektronische Anregungen, die fundamentale Einsichten gewähren.

Die Au-induzierten Oberflächenrekonstruktionen (5×2) und (
√

3 ×
√

3) bilden je-
weils quasi-ein- und zwei-dimensionale Au-Strukturen auf Si(111). Die entstehenden
rekonstruktionsbedingten Raman-Peaks werden hinsichtlich ihres Polarisations- und
Temperaturverhaltens untersucht. Die Kombination der Raman-Ergebnisse mit first-
principles-Berechnungen ermöglicht die Unterscheidung zwischen vorgeschlagenen
Strukturmodellen. Au-(5×2)/Si(111) wird am besten durch das Modell von Kwon
und Kang beschrieben, während für Au-(

√
3×

√
3)/Si(111) das conjugate honeycomb-

chained-trimer-Modell bevorzugt wird. Die Sn-induzierten Rekonstruktionen mit
1
3 Monolage auf Ge(111) und Si(111) werden aufgrund ihres außergewöhnlichen
Temperaturverhaltens untersucht. Die durch das dynamical fluctuation-Modell
vorhergesagten spezifischen Oberflächenphononen werden identifiziert, wobei die
entsprechende Vibrationsmode von Sn/Ge(111), im Gegensatz zu Sn/Si(111), nahezu
harmonischen Charakter zeigt. Der umkehrbare strukturelle Phasenübergang von
(
√

3 ×
√

3) zu (3×3) wird für Sn/Ge(111), jedoch nicht für Sn/Si(111), beobachtet.
Außerdem werden Sn-(2

√
3 × 2

√
3)/Si(111) und dünne α-Sn-Filme sowie Si(111)-

(7×7) und Ge(111)-c(2×8) untersucht und verglichen.
CePt5/Pt(111) enthält 4f -Elektronen, deren Energieniveaus sich durch das

Kristallfeld ändern und die zur Beschreibung der Kondo-Physik nötig sind. Struk-
turgleiches LaPt5/Pt(111) hat hingegen keine 4f -Elektronen. Für CePt5/Pt(111)
werden spezifische Raman-Signaturen durch elektronische Raman-Streuung ein-
deutig identifiziert und Übergängen zwischen tiefenabhängigen Kristallfeldzustän-
den zugeordnet. Der Vergleich mit LaPt5/Pt(111) und Gruppentheorie stützt die
Zuordnung. Die vibronischen Eigenschaften von CePt5 and LaPt5 zeigen neben
Gemeinsamkeiten auch Unterschiede wie anormale Temperaturverschiebungen einer
CePt5-Vibrationsmode, die auf Wechselwirkungen mit 4f -Elektronen zurückgehen.
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1. Introduction
Surfaces are inherent consequences of the spatial limitations of real solids. Unlike
infinitely extending ideal solids, the boundaries of real solids are adjoined to other
phases of matter or vacuum. In this thesis, solids in their crystalline form, their
surfaces, and surface modifications are of special interest. Here, these modifications
are rearrangements of surface atoms with respect to the bulk lattice order as well
as adsorption and intermixing with additional atoms of different species.

For both the bare crystalline surface and its modifications, the physical properties
are considerably altered compared to the bulk region. Hence, it is inevitable to
include and consider surfaces in experiments and realistic theoretical models in solid-
state physics. Besides, selective tuning of physical effects is feasible by manipulation
of the surface structure. Due to the confinement of the system to two-dimensional
(2D) or even one-dimensional (1D) extensions, correlation effects between electrons
gain more relevance at the surface [1]. This affects mobile, itinerant as well as
immobile, localized electrons. Moreover, the dynamics of the atoms at the surface
are altered with respect to the lattice vibrations of the bulk material. The electron
and lattice system are interdependent and can interact via electron-phonon coupling.
These circumstances give rise to various new physical effects, e.g., phase transitions,
that are weak or suppressed for bulk crystals. Correlation effects and new emergent
phenomena can be described by theories dealing with many-body physics [2].

From the experimental point of view, surface science started in the early 1960s
[3]. The way was paved by developments in vacuum technology and new surface
sensitive experimental techniques and led to a prospering research field. The
obtained progress was also transferred to industrial applications. Pursuing the aim
of surface utilization, surfaces can be used for special purposes of technological kind.
The following examples of (future) prototypical devices are related to the surface
systems analyzed in this thesis.

Well-known examples for the general application of surfaces are catalytic reactions.
Technologically, an important subgroup of catalysts are materials containing rare-
earth elements [4]. For instance, intermetallic compounds of Pt together with Ce
and La are discussed as possible catalysts for application in sustainable fuel cells
[5]. To reach a high activity of the oxygen reduction reaction, among other things
the exact atomic configuration at the surface must be known and ensured (initially
after preparation and after use) [6]. With respect to understanding microscopical
chemical processes on the surface, it might be also interesting to consider the atomic
dynamics.
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1. Introduction

Beyond recent technological issues for industrial purposes, there are surface
systems of monolayers (MLs) of metal atoms adsorbed on semiconductor substrates
[7]. A ML is considered as a complete layer of atoms whose thickness equals a
single atom height. These adsorbate surfaces as well as the clean surfaces exhibit
altered crystal structures to minimize the surface energy. These rearrangements
are called surface reconstructions. For a special reconstruction of Au adatoms on
Si substrate, a realization of an atomic scale memory was demonstrated [8]. The
Au atoms build tracks, i.e., ordered parallel 1D chains, on the substrate through
self-assembly. Onto these tracks additional Si atoms can be positioned realizing
Boolean states of “0” and “1”. The positioning as well as the repositioning process
of Si atoms is feasible by scanning tunneling microscopy (STM). Compared to the
highest storage densities achieved for magnetic hard discs, the density is increased
by a factor of ≈2.5 · 103. Although the scanning speed is comparatively slow and
the surface is extremely sensitive to contamination, these devices are an interesting
contribution for the development of new devices for information storage on the
atomic scale.

Adlayers on semiconductors may find a new field of application after prediction
that it hosts a topological insulator. A possible realization involves a 2D surface
reconstruction of Au atoms on Si substrate that is used as a template for a 2D
topological insulator [9]. On top of the Au reconstruction another overlayer of a
different species is applied. The layer exhibits insulating properties within the sheet,
but the edge states enable dissipation-less electrical current. Moreover, the edge
current is spin-polarized as required for spintronics applications. This is of special
interest for the Si-based semiconductor industry, which wants to integrate these
devices into their current technology [7,9].

For the introduction of applicable devices on atomic scales, like the above men-
tioned examples, analytic tools to probe the surfaces for quality are required. These
techniques must be non-destructive, need to have good spatial resolution, and must
be able to distinguish between different arrangements of atoms on the surface.
Raman spectroscopy (RS) is an optical technique that meets the above mentioned
requirements. If the focus is on surfaces, as it is here, a very sensitive experimental
Raman setup in combination with a specialized procedure is needed to reveal the
small contributions of the surface in the measured Raman intensity. Accordingly,
the term surface Raman spectroscopy (SRS) is coined for this method that is applied
in this work.

This thesis comprises the investigation of two main types of surface systems by
SRS. These are MLs and sub-MLs of metal adatoms (Au and Sn) on semiconductor
substrates (Si(111) and Ge(111)) as well as ultrathin films of rare-earth intermetallic
compounds (CePt5 and LaPt5) on metal substrate (Pt(111)). The particular surface
adsorbate systems and surface intermetallic systems, that are examined, are compiled
in Tab. 1.1.

The aim of this thesis is to unveil the surface vibrational eigenmodes and crystal-
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Table 1.1.: Overview over all considered surface systems of this thesis.
Surf. adsorbate systems Surf. intermetallic systems

Au-ind. surf. reconstr. Sn-ind. surf. reconstr.
Au-(5×2)/Si(111) Sn/Ge(111) CePt5/Pt(111)

Au-(
√

3 ×
√

3)/Si(111) Sn/Si(111) LaPt5/Pt(111)
Sn-(2

√
3 × 2

√
3)/Si(111)

α-Sn film
Clean surfaces: Si(111)-(7×7), Ge(111)-c(2×8)

field excitations (CFEs) of these surface systems by evaluation of the surface Raman
spectra. With this information, several key questions are addressed within the
following topics: surface phonon properties including symmetry considerations,
surface atomic structural configurations, electronic structure especially crystal field
(CF) states, and structural phase transitions. For a comprehensive picture, the
results of the Raman analysis are interpreted additionally by involving theoretical
predictions and other experimental findings. Hence, this work aims to shed new
light on surface systems and contributes to the understanding of their physical
properties.

This thesis is organized as follows. Firstly, the concepts of surface phonons, that
are observed in both surface systems, and CFs, whose excitations are observed in
CePt5, are introduced as detected by SRS. Other physical effects and concepts
that are important for individual systems are described further down together
with the experimental results. The mechanisms of Raman scattering and group
theoretical considerations are explained afterwards, followed by the description of the
experimental setup (see Ch. 2). The next chapter is dedicated to the semiconductor
substrates with metals adsorbed that generate different reconstructions. For Au on
Si(111) substrate, the (5×2) and (

√
3 ×

√
3) reconstructions are investigated with

respect to their vibrational properties and compared to first-principle calculations. In
the following, samples with 1

3 ML of Sn adatoms on Si(111) and Ge(111) substrates
are observed and compared with existing theoretical and experimental results.
Here, special focus is on temperature-dependent transitions of the atomic structure.
Additionally, the clean semiconductor surfaces of Si(111) and Ge(111) as well as
thicker layers and films of Sn are considered (see Ch. 3). The next chapter deals
with thin films of CePt5 and LaPt5 on Pt(111) substrate. By comparison, Raman
peaks originating from the CF are identified and their properties are investigated.
Also the vibrational properties of both surface systems are studied (see Ch. 4). In
the last chapter, a summary and an outlook are given (see Ch. 5).
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2. Fundamentals
Initially, necessary fundamentals are provided as basis for the following consid-
erations in this chapter. This includes essential physical phenomena as well as
experimental setups, that were used to record the data of this thesis. As a starting
point, surface phonons and CFEs as the relevant excitations in the surface systems
are introduced.

2.1. Surface phonons
The atomic constituents of a crystal lattice can be displaced from their equilibrium
positions, e.g., by thermal activation. These displacements occur in specific regular
patterns. The resulting vibrations are quantized and called phonons. In general, bulk
materials have 3N phonon modes, where N is the number of atoms in the primitive
unit cell (UC) [10]. These modes are divided into three acoustical and 3(N − 1)
optical phonon modes. Optical modes exist only for crystals with polyatomic basis.
For instance, the semiconductors Si and Ge with two atoms per primitive UC have
six phonon modes with three acoustical and optical modes each. The wave-vector
dependence of the phonon energy ~ω(k⃗) (~ is the reduced Planck constant, ω is the
angular frequency, and k⃗ is the wave vector) represents the phonon dispersion. At
the Γ point (k = 0 Å−1) of the Brillouin zone (BZ) only the optical phonons have
non-vanishing energies. Phonons are considered as quasiparticles with spin s = 0
and therefore obey the Bose-Einstein statistics [11].

For phonon wave vectors in high-symmetry directions the branches can be labeled
as longitudinal acoustic (LA), transversal acoustic (TA), longitudinal optic (LO),
and transversal optic (TO). These phonon branches can be degenerated for special
points of the BZ [12]. If two phonon branches are degenerate at a particular point
in the BZ the labels are merged, e.g., the longitudinal-transversal optical (LTO)
phonon of the semiconductors Si and Ge at the Γ point.

At surfaces, the energies of the phonon modes are altered due to rearrangements
of the atomic structures, giving rise to a 2D surface unit cell (SUC). The emerging
vibrational modes are denoted as surface phonons. This energy renormalization is
mainly due to missing or modified bonds to neighboring atoms. Another reason is
the static displacement of atoms in the topmost layers to minimize the required
surface energy. A reduction of dangling bonds (DBs), i.e., unsaturated valences of
a surface atom, is also achieved by reconstruction of the surface.
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2. Fundamentals
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Figure 2.1.: Schematic depiction of a surface phonon dispersion in a 2D SBZ. Green
and red lines indicate surface phonons, while the shaded areas are
projections of the 3D bulk phonons. The inset shows the backfolding
of a RW in case of doubling of the SUC. Data adapted from Ref. [10].

Similar to the BZ of the three-dimensional (3D) crystal, there is a 2D surface
Brillouin zone (SBZ) for the surface region. High-symmetry points in the SBZ are
marked by a bar on top, i.e., Γ̄, in contrast to points of the bulk BZ. The phonon
dispersion curves of the bulk crystal are projected onto the SBZ as schematically
depicted by the shaded area in Fig. 2.1. In the shaded bulk area of the SBZ, gap
regions can occur. In these gaps surface phonon modes can occur since they do not
couple with bulk modes [10]. If surface phonons and bulk phonons subside, other
mechanisms may prevent the surface phonons from fast decay into the bulk. This
applies, for instance, for surface phonons at the Γ̄ point. For the semiconductors Si
and Ge, no gaps at the Γ̄ point appear since the LA and the LO branches touch at
the X point of the bulk BZ [13].

If the periodicity of the crystal is changed, this results in an altered UC, which
also affects the BZ and gives rise to folding [14]. For instance, by expanding the real
space lattice by a multiple, the reciprocal space lattice is shrinked by the inverse.
Accordingly, the phonon dispersions are also folded to fit the new BZ. Hence, edges
of the original BZ can be folded into the center of the shrinked BZ. This also
holds for the SUC and the corresponding SBZ. In the case of acoustical phonons, a
nonzero energy at the Γ̄ point can arise by backfolding as can be seen in the inset
of Fig. 2.1.

Rayleigh waves
Near surfaces, there are specific localized waves that are slightly different from
the bulk acoustic waves. These waves are called Rayleigh waves (RWs). Their
dispersion curves are very similar to bulk acoustic phonons with the difference
that the phase velocity of the RW is reduced with respect to the bulk transversal
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2.1. Surface phonons

phase velocity. A RW is shown in Fig. 2.1 below the shaded bulk area. The ratio
between both velocities is constant and depends on the material system. The atomic
displacements of the RWs decay exponentially with distance from the surface with
a damping constant proportional to the wave vector k⃗ [10,15]. RWs are therefore a
sensitive probe for surface reconstructions due to their surface localization [10].

Experimental observation of surface phonons
Phonons located at the surface can be observed by several experimental techniques,
apart from SRS [16] used in this thesis and introduced later (see Sec. 2.3.3). Some
important and established tools are described briefly (see also, e.g., Refs. [17,
18]). These methods are capable of contributing complementary and additional
information to SRS.

Optical measurement techniques, like reflectance anisotropy spectroscopy (RAS)
and transmission infrared spectroscopy (TIRS), were successfully applied for the
investigation of the vibrational properties of surface systems. In RAS, the sample
surface is illuminated by polarized light of varying photon energy [19,20]. The
difference between the reflectances for orthogonal polarizations is analyzed. Apart
from that, in TIRS light in the infrared (IR) spectral range is used to excite phonon
modes [21,22]. The sample needs to be very thin that the light can be transmitted
through the sample.

In helium atom scattering (HAS) experiments, He atoms are scattered inelastically
on the surface [23–25]. Their energy loss yields the phonon energy. Due to the large
momentum transfer, the whole BZ can be scanned. If He atoms are exchanged
with electrons or neutrons, the methods work equally and are called high-resolution
electron energy loss spectroscopy (HREELS) or inelastic neutron scattering (INS),
respectively [26–29]. HAS and HREELS have an energy resolution of ≈0.4 and
≈1 meV, respectively [30,31].

Theoretical calculation of surface phonons
The complete Hamiltonian of a crystal includes the electrons, the ions of the lattice,
as well as their interaction. There are two main approximations to simplify the
Hamiltonian which would be virtually unsolvable otherwise.

Calculations are eased by using the Born-Oppenheimer or adiabatic approximation.
It states that the electrons in a crystal respond to perturbations much faster than
the dynamics of the nuclei of the crystal lattice. This effect is related to the mass
difference. It leads effectively to a decoupling of the electron and lattice system and
a splitting of the Hamiltonian [32]. The new Hamiltonian for the ions of the lattice
includes the impact of the electrons only as an averaged electronic potential [12].

Furthermore, for the theoretical description of lattice vibrations the harmonic
approximation is often applied. It neglects terms in the Hamiltonian that are higher
than second order. However, in real crystals these higher orders are found, leading
to coupling between phonons and to thermal expansion of the crystal lattice [12].

7



2. Fundamentals

This issue is further discussed in context with anharmonicity.
The theoretical determination of energies and elongation patterns of surface

phonons is a demanding task, especially for big UCs containing many atoms. The
phonon frequencies ω(k⃗) can be determined in the framework of the harmonic
approximation by the secular equation [32]:

det
⃓⃓⃓
Dαβ

ij

(︂
k⃗
)︂

− ω
(︂
k⃗
)︂⃓⃓⃓

= 0, (2.1)

where Dαβ
ij (k⃗) is the dynamical matrix:

Dαβ
ij

(︂
k⃗
)︂

= 1
√
mαmβ

∑︂
R⃗kl

Cαβ
ij

(︂
R⃗kl

)︂
e−ik⃗·R⃗kl . (2.2)

In Eq. (2.2), Cαβ
ij (R⃗kl) are the elastic force constants and R⃗kl = R⃗l − R⃗k are the

interatomic distances. The force constants specify the interaction between different
ions and can be obtained by phenomenological models [10,12].

In a microscopic approach, the vibrational properties are usually treated by three
different methods: the frozen-phonon technique, the molecular dynamics (MD)
simulations, and the linear response formalism [32]. Here, the first two of these
first-principles calculations are of special importance. Firstly, structural atomic
models are needed as the basis of the calculations. To exclude unwanted effects,
the substrate is described by an adequate amount of atomic layers and a saturation
of DBs is ensured by H atoms on the back side [33].

According to the frozen-phonon approach, the atoms in the UC are excited so
that they move with a distinct displacement pattern. Then, the total energy and
the resulting atomic forces of the surface system are investigated and compared to
the undistorted system. This facilitates the construction of the dynamical matrix
(cf. Eq. (2.2)) [10,32]. With this method also the displacement pattern of the lattice
atoms and its symmetry can be asserted [11]. The frozen-phonon results considered
in this thesis rely on ab initio density-functional theory (DFT) calculations [33,34].
The main idea of DFT is to shift the focus from the wave function to the electron
density in the ground state [35]. This density is determined by one-electron wave
functions which satisfy the Kohn-Sham equation. To solve this equation several
approximations, i.e., for the exchange-correlation (XC) potential, can be introduced.
The DFT calculations presented here were performed within the local-density
approximation (LDA) [36,37] and the generalized gradient approximation (GGA)
(in the Perdew-Burke-Ernzerhof (PBE) formulation) [38,39].

Within MD simulations, a model simulation of the temporal development of the
elongation pattern of the atoms, which move about their equilibrium positions, is
performed for finite temperatures. Subsequently, the phonon frequencies are found
by Fourier transformation of the velocity autocorrelation function [32].

8



2.2. Crystal-field excitations

Anharmonicity
Although neglected in the harmonic approximation, phonons cannot be considered
as non-interacting particles. This results in phonon-phonon interactions that are
enabled by higher-order terms (cubic order or higher) [11]. An effect is the decay of
phonons which leads to a finite lifetime. A special case is the decay of an optical
phonon at the BZ center into two acoustical phonons [40]. To ensure energy and
momentum conservation, the sum of the energies of the acoustical phonons must
equal the optical phonon energy and the momenta of the generated phonons need
to be opposite. The decay process is accompanied by increasing broadening of the
spectral peak with increasing temperature [41]. Through anharmonic effects, the
quadratic potential, in which the lattice atoms move, becomes asymmetric giving
rise to the already mentioned thermal expansion. The frequency of phonon modes
will therefore usually decrease with increasing temperature [41].

2.2. Crystal-field excitations
A free atom or ion has spherical symmetry, i.e., no predominant orientation nor the
energy levels of the electrons are altered through external effects in the absence of
electric and magnetic fields. This changes if it is embedded into a crystal. Each
neighboring atom contributes to a local electric field distribution that is called CF.

In the field-free case, the classification of energy levels of electrons in an atom
or ion are based on quantum numbers. These principal quantum numbers are n
(n = 0, 1, 2, 3, . . .) for the principal quantum number, l (0 ≤ l ≤ n − 1) for the
orbital angular momentum quantum number, and s (s = 1

2) is the spin quantum
number. As examples might serve rare-earth elements, which typically have a partly
filled 4f orbital, i.e., 4fn with n = 0 – 13. A special case is the Ce3+ ion which has
only one 4f electron. For 4f electrons, the quantum numbers J and MJ can be
regarded as good quantum numbers and stay approximately valid if the ion is placed
in a solid [42]. In the framework of the LS or Russel-Saunders coupling the total
quantum numbers L and S are obtained by vectorally summing over l and s. The
total angular momentum quantum number J results then by spin-orbit coupling
(SOC). It is defined as vector sum J = L+ S and has 2J + 1 possible values of MJ

(J ≤ MJ ≤ −J , in integer steps), associated with the projection onto the principal
axis. Electronic states are labeled by the spectroscopic notation 2S+1LJ , where S,
L, and J are the quantum numbers as defined above. The expression 2S + 1 gives
the multiplicity of the system [43].

The CF acts on the energy levels, when the atom or ion is placed in a crystal. For
rare-earth ions, it is generally assumed that the SOC outperforms the CF interaction
as considered in the weak CF case [43,44]. The former degeneracy regarding MJ

can be lifted by the CF. The CF splitting is a Stark splitting in the electric field
of the surrounding atoms [43]. The actual characteristics of the splitting depend
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largely on the symmetry of the CF. A transition of an electron of a CF state with J
and MJ to a state with different J and MJ and higher energy is called CFE. Only
certain CFEs are allowed according to selection rules (cf. Sec. 2.4).

Both, SOC and the CF do not break time reversal symmetry. Therefore, for
systems with an odd number of electrons the Kramers theorem holds [42,45]. The
resulting states are accordingly at least doubly degenerate. Energy levels with equal
| MJ | are energetically degenerate. For twofold Kramers degeneracy the states are
called Kramers doublets. In principal, the Kramers doublet can be split by the
Zeeman effect by applying an external magnetic field (see for instance Refs. [42,46]).

The influence of the CF on the electronic states is differently near surfaces due to
the altered arrangement of the surrounding atoms. This affects the splitting induced
by the symmetry of the environment as well as the energy separation between the
states.

2.3. Raman scattering
The frequency of light might be changed if it is interacting with matter. The
underlying mechanism of inelastic scattering on elementary excitations is named
Raman effect. The energy loss or gain of the photon during Raman scattering is
analyzed with the optical technique RS. If the frequency of the photon remains
unchanged, the process of elastic scattering is called Rayleigh scattering.

The difference in energy ~ω and momentum ~k⃗ (ω is the angular frequency and k⃗
is the wave vector) between the incident photon (~ωi, ~k⃗i) and the scattered photon
(~ωs, ~k⃗s) is transferred either to or from excitations (~Ωn, ~q⃗n) in the sample.
These elementary excitations are, e.g., phonons, polaritons, plasmons (and coupled
plasmon-phonon modes), single-electron, or hole excitations [47]. In this thesis,
especially Raman processes involving phonons and single electron excitations are
relevant, labeled vibrational and electronic Raman scattering, respectively. For the
Raman scattering process energy as well as quasi-momentum conservation holds
[48]:

~ωs = ~ωi ± ~Ωn, (2.3)
~k⃗s = ~k⃗i ± ~q⃗n. (2.4)

The case, where the energy and the momentum of the scattered photon are
reduced with respect to the incident photon, is called Stokes process. An excitation
is generated. In turn, when the energy and the momentum of the photon are
enhanced, an excitation is annihilated and this case is correspondingly named
anti-Stokes process. Hence, the “+” and “−” signs in Eqs. (2.3) and (2.4) are
attributed to the anti-Stokes and Stokes process, respectively. The Stokes Raman
process is investigated in the majority of RS measurements.
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Table 2.1.: Relations between commonly used spectroscopic units.
Wavenumber (cm−1) Energy (meV) Frequency (THz)

1 0.124 0.030
8.066 1 0.242
33.356 4.136 1

The energy ~Ωn of the excitation in Eq. (2.3) is independent of the incident
photon energy. A change of the excitation energy, i.e., a change of the wavelength of
the incident laser beam, will not substantially alter the observed Raman spectrum
and is therefore a good check if the origin of a peak is Raman scattering (see
Sec. D). By this method, Raman signatures can be distinguished from other optical
process, e.g., photoluminescence. The Raman measurements are conducted in
quasi-backscattering geometry and so the wave vectors in Eq. (2.4) can be reduced
to scalars. Since ki ≈ −ks holds, the transferred momentum qn ≈ ±2ki is quite
small for laser lines in the visible spectral range, i.e., qn ≪ kBZ applies, where
kBZ is the wave vector at the boundary of the BZ. Thus, in first-order RS only
excitations in the vicinity of the center (Γ point) of the BZ are accessible [49]. This
is schematically indicated by the broken line in Fig. 2.1. The line indicates the
photon dispersion involving the velocity of light in vacuum c0.

The Raman scattering process can be described classically in a macroscopic
model. The polarization P⃗ (ωs) of the scattering medium is given by [47]:

P⃗ (ωs) = ϵ0χ (ωi, ωs) E⃗i (ωi) , (2.5)

where χ(ωi, ωs) is the generalized dielectric susceptibility tensor, E⃗i(ωi) is the elec-
tric field of the incident light wave, and ϵ0 is the vacuum permittivity. Furthermore,
the electric field can be described by:

E⃗i(ωi) = E⃗0
i e

i(k⃗i·r⃗−ωit). (2.6)
The dielectric susceptibility χ is connected to the dielectric permittivity by

ϵ = 1 + χ. The dielectric susceptibility is modulated by the excitations resulting in
scattered photons with shifted frequency. The exact form of the susceptibility is
discussed separately for vibrational and electronic Raman scattering in Secs. 2.3.1
and 2.3.2, respectively.

In RS, the energy difference between incident and scattered light is denoted as
Raman shift and is usually given in wavenumbers ν̄RS = νRS

c0
, where νRS is the

frequency difference between the incident and the scattered photon. Wavenumbers,
usually given in cm−1, are related to other common spectroscopic units in Tab. 2.1.

Historically [50,51], inelastic light scattering was predicted by Smekal in 1923
[52]. The theory was further elaborated by Kramers and Heisenberg [53] and
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separately by Dirac [54]. Experimentally, the effect was observed by Raman in
liquids [55–57]. For this discovery the phenomenon was named Raman effect and
he was awarded the Nobel Prize in physics in 1930 [51]. Nearly at the same time,
Landsberg and Mandelstam independently observed the Raman effect in crystals
(quartz and calcite) [58].

2.3.1. Vibrational Raman scattering
The mechanism of Raman scattering on phonons can be treated theoretically in
two different models with the same result.

Macroscopic classical description
The dielectric susceptibility tensor χ(ω) in Eq. (2.5) is modified by lattice vibrations,
whose elongations can be expressed as [47]:

Q⃗n = Q⃗0
ne

i(q⃗n·r⃗−Ωnt). (2.7)

The generalized dielectric susceptibility tensor can be therefore expressed in a
Taylor expansion of the form [47]:

χα,β (ωi, ωs) = χ0
α,β (ωi, ωs) +

∑︂
n

Q⃗n

(︄
∂χα,β

∂Q⃗n

)︄⃓⃓⃓⃓
⃓
0

(ωi, ωs)

+ 1
2
∑︂
n,n′

Q⃗nQ⃗n′

(︄
∂2χα,β

∂Q⃗n∂Q⃗n′

)︄⃓⃓⃓⃓
⃓
0

(ωi, ωs) + . . . . (2.8)

In this equation the first term χ0
α,β(ωi, ωs) on the right-hand side stands for the

static dielectric susceptibility. The second term denotes a one-phonon process, while
the third term is for a process involving two phonons. Higher-order terms are not
considered. Hence, the substitution of Eqs. (2.8) and (2.6) into Eq. (2.5) yields
contributions to the polarization according to Eqs. (2.3) and (2.4).

The intensities of the Stokes and anti-Stokes spectra show temperature dependence
according to the Bose-Einstein occupation factor nBE. While the Stokes intensity
is proportional to nBE + 1, the anti-Stokes intensity is proportional to nBE. This
connection results in an exponential intensity ratio [41,59]:

IaS

IS

= nBE

nBE + 1 = e
− ~Ωn

kBT (2.9)

with

nBE =
(︃
e

~Ωn
kBT − 1

)︃−1
, (2.10)

12



2.3. Raman scattering

where kB is the Boltzmann constant. In principle, this ratio can be used to
determine the temperature of a sample by RS. However, Eq. (2.9) just holds if the
electronic transition matrix elements for the Stokes and anti-Stokes process are the
same [60].

Following the theoretical calculation of surface phonons given in Sec. 2.1, the in-
tensity of the vibrational Raman modes can be obtained by the Raman susceptibility
tensor αm

ij [33,61,62]:

αm
ij ∝

∑︂
κβ

∂χij

∂τκβ

um (κβ) , (2.11)

where τκβ is the normal-mode displacement of atom κ in direction β, um(κβ)
are the corresponding eigenvectors, and χij is the linear dielectric susceptibility as
defined in Eq. (2.5). Other effects than vibrations are omitted due to limitations in
computational resources [33]. With the Raman susceptibility αm

ij the differential
scattering efficiency can be defined as [34]:

dSm

dΩ = ω4
s

(4π)2 c4
0

| e⃗i · αm
ij · e⃗s |2 ~

2Ωm

(nm + 1) , (2.12)

with ωs = ωi − Ωm. The frequencies ωi and ωs as well as the polarization vectors
e⃗i and e⃗s represent the scattered and incident photon, respectively, and Ωm denotes
the created phonon mode. Note the variation of the differential scattering efficiency
with the forth power of the scattered frequency.

Microscopic quantum mechanical description
The vibrational Raman scattering is microscopically described by perturbation
theory. It constitutes of three quantum mechanical processes building up the
dielectric susceptibility [14,49]:

χα,β (ωi, ωs) ∝
∑︂
e,e′

⟨0|HE-R,β|e′⟩ ⟨e′|HE-L|e⟩ ⟨e|HE-R,α|0⟩
(Ee′ − ~ωs) (Ee − ~ωi)

. (2.13)

The indices α and β are the polarization directions of the incident and scattered
light, respectively. The rightmost term in the numerator stands for the excitation
of an electron from the ground state |0⟩ to a virtual state |e⟩ with energy Ee. The
electron system is coupled via the Hamiltonian HE-R with the photon. The excited
electron interacts with the crystal lattice and is transferred to the new virtual state
|e′⟩ with energy Ee′ . This electron-phonon interaction is expressed as Hamiltonian
HE-L. The electron relaxes in the last step through emission of a photon into its
initial ground state. The terms in the denominator indicate a resonance behavior if
the energies of the virtual states are close to the photon energies. In case of (near)
resonance, the Raman intensity can be greatly boosted. The process described by
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ωi ωs

Ωn

HE-L

HE-R HE-R

Figure 2.2.: Feynman diagram of the vibrational Stokes Raman process. The initial
and final states as well as the vertices are labeled according to Eq. (2.13).
Adapted from Ref. [59].

Eq. (2.13) can also be illustrated in a Feynman diagram. A typical one is depicted
in Fig. 2.2.

By using Eq. (2.13), the cases of Stokes and anti-Stokes processes can be schemat-
ically represented in Fig. 2.3, which also includes the Rayleigh process.

In nonpolar crystals, like Si and Ge, the electron-phonon interaction of Eqs. (2.8)
and (2.13) is restricted to deformation-potential scattering [12,47]. The bond lengths
and angles are altered by the phonon leading to modifications of the electronic
energies. In polar crystals, the vibrational displacements can additionally induce
electric fields that give rise to Fröhlich scattering [12,47].

Relation to infrared absorption
Raman scattering of phonons is closely related to absorption of photons in the IR
spectral range. The associated experimental method is called IR spectroscopy and
is complementary to Raman spectroscopy [44]. In contrast to the visible photons in
Raman scattering, photons with frequencies in the IR can interact directly with the
crystal lattice and excite lattice vibrations [43]. Hence, only one photon is involved
in IR absorption and it is considered as first-order process. Raman scattering is a
second-order process since two photons and an intermediate state participate [44].

2.3.2. Electronic Raman scattering

Besides vibrational Raman scattering, inelastic scattering may also occur on elec-
trons. Here, there will be a focus on electronic Raman scattering on CFEs, which
arise due to lifted degeneracy of electronic states in the CF.

The quantum mechanical description of the dielectric susceptibility tensor of
Eq. (2.5) for the electronic Raman scattering is given by [42]:
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|e>

|0>

|1>

|e'>

Rayleigh
scattering

vibrational
Raman
scattering

S

aS

S

aS

electronic
Raman
scattering

virtual
states

|e'>

E

|e> |e> |e>

Figure 2.3.: Schematic representation of the vibrational and electronic Raman
scattering process. For both processes, the Stokes (S) and anti-Stokes
(aS) case is shown. The Rayleigh scattering mechanism is also depicted.
The states are named according to the Eqs. (2.13) and (2.14). In this
picture, the E axis denotes the energy of the electron system.

χα,β (ωi, ωs) ∝∑︂
e

(︄
⟨1|HE-R,α|e⟩ ⟨e|HE-R,β|0⟩

(Ee − ~ωi)
+ ⟨1|HE-R,β|e⟩ ⟨e|HE-R,α|0⟩

(Ee + ~ωs)

)︄
. (2.14)

This equation is different compared to Eq. (2.13) in the sense that the final
electronic state |1⟩ is not equal to the initial state |0⟩. Thus, in this case the net
energy transfer to the electron system gives rise to frequency shifts between incident
and scattered photon. Here, only two processes are involved. Note that the term in
the left denominator exhibits a similar resonance behavior as in Eq. (2.13). This
tensor, in contrast to the vibrational case, is asymmetric but can be decomposed
into a symmetric and antisymmetric part [42]. The resulting Stokes and anti-Stokes
processes are also depicted in Fig. 2.3.

Unlike for vibrational Raman scattering, the temperature-dependent intensity
development of electronic Raman scattering is much different. Distinct peaks due
to electronic scattering usually require low temperatures to be observable in the
Raman spectra (the actual temperature range depends on the material system). The
reasons are variations in the electronic occupation and increasing phonon-induced
decay of excited electronic states with increasing temperature [42]. Moreover, the
ratio of Stokes and anti-Stokes intensity found for vibrational Raman scattering in
Eq. (2.9) is not valid for electronic Raman scattering since no bosons are involved.

15



2. Fundamentals
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Figure 2.4.: Schematic illustration of the different contributions to the scattered
light in SRS. The surface layers can consist of adsorbed atoms, new
material compositions, or altered surface structures with respect to the
bulk. Adapted from Ref. [65].

Another form of electronic Raman scattering can be observed as broad background
for investigating metal surfaces, e.g., Pt. Light scatters inelastically on free electrons
creating electron-hole pair excitations within the conduction band [63,64]. This
background is typically too flat to interfere with distinct peaks related to other
scattering mechanisms.

2.3.3. Surface Raman spectroscopy
Raman spectra of solids are always a superposition of contributions from the surface
and the bulk as schematically indicated in Fig. 2.4. The scattered light attributed to
the bulk prevails since the surface provides only an extremely small scattering region.
Typically, the intensity contribution of the bulk exceeds the surface contribution by
a factor 103 – 104. The spectroscopic method that is specialized to collect Raman
scattered light from the surface is termed SRS. If the surface is reconstructed or
altered in another way, this gives rise to vibrational modes and electronic excitations
that are specific for this surface.

An approved method to distinguish between contributions from the surface and
the bulk is to compare the Raman spectrum of a sample with a specially prepared
surface to a sample without treated surface. The difference between both spectra
gives information about modifications of the surface. For the semiconductor samples,
the aged and unreconstructed surface can be achieved by exposure to increased
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pressures of p & 1 · 10−8 mbar for several minutes or by usage of an unprepared and
untreated surface. In the case of the intermetallics systems, the reference sample
can be the substrate crystal without the intermetallic film.

SRS needs to be distinguished from surface-enhanced Raman scattering (SERS),
that is usually used for the investigation of molecules, which are adsorbed on
suitable metal substrates, that boost the Raman intensity by several orders [66,67].

2.4. Group theoretical analysis and selection rules
Symmetry is a very fundamental concept in physics. Considerations concerning
symmetry can be treated qualitatively in the framework of group theory. In a
mathematical sense, a group is defined as a quantity of elements and assigned
operations which obey certain properties (closure, associativity, identity, and inverse
element) [44].

Vibrational as well as electronic Raman scattering follows certain symmetry-
governed principles. As a first step, it is necessary to know the symmetry of the
static crystal. Then, the vibrational eigenmodes and electronic excitations can be
determined which leads to selection rules for allowed Raman scattering processes.

Basic concepts and symmetry properties of crystals
Matter in crystalline form can be classified in terms of symmetry groups. The
ideal infinite 3D crystal can be composed of elementary UCs. The UCs and also
the crystal are invariant under certain symmetry operations. Depending on the
symmetry, these operations are, among others, rotations, reflections, and inversions
(cf. Sec. B) [44]. If only a single UC is considered, all symmetry operations
projecting the UC onto itself define the applying so-called point group. Space
groups are built by including translations, glide planes, and screw axes [44]. Point
and space groups are closely related to crystal systems and Bravais lattices [43].
The number of different symmetry groups is finite and listed [68].

For each point group, the valid symmetry operations are sorted in classes, that
are of equal number as the irreducible representations of the group. An irreducible
representation can be, for instance, a matrix that cannot be transformed into block
diagonal form [44]. Since these matrices are ambiguous, the trace of the represen-
tation is used. The trace, defined as the sum over the diagonal matrix elements,
is invariant under transformations and is also called character. Furthermore, each
irreducible representation has specific basis functions that can be generated from the
space coordinates x, y, and z. In turn, these basis functions can be used to generate
the matrices of the irreducible representations. The characters and basis functions
are listed in character tables for each point group (see for instance Refs. [43,68] and
Sec. B).

If half-integer angular momentum states, i.e., the electron spin ~
2 , need to be
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considered, point groups are extended to double groups [44]. The number of
irreducible representations and symmetry classes rises. The double groups are listed
analogously to the point groups (see for instance Ref. [68] and Sec. B).

At surfaces, the extension of the crystal is limited in one dimension resulting in a
reduced symmetry. The symmetry group of a surface can be indicated either by a
2D space or point group or by a 3D group with reduced symmetry. The 2D space
groups are tabulated in Ref. [69] and related to their 3D counterparts in Ref. [70].
Since the displacement vector of a moving atom can have a component normal to
the surface plane and the surface can be buckled, it is convenient to use the 3D
point group when surface phonons are involved. A compilation of all 2D and 3D
symmetry groups which are relevant for this thesis are listed in Sec. A.

For 2D and 3D symmetry groups, the atoms building the UC are on specific
Wyckoff positions. Each Wyckoff position obeys the symmetry operations of the
site-symmetry group [44]. This site symmetry is equal or lower than that of the
point or space group of the UC. The position is labeled by a number, indicating the
multiplicity, and a consecutive letter. A list of Wyckoff positions of the 3D point
groups can be found in Ref. [71].

Vibrational properties of crystals
The occupied Wyckoff positions in the UC can be utilized to determine the normal
modes of the bulk material. A normal mode is connected to a vibrational displace-
ment pattern that is conform with the site symmetry. Each position is associated
with a set of irreducible representations of the point group of the crystal. The total
number of normal modes is equal to 3N as explained in Sec. 2.1. There are several
group theoretical methods for the determination of phonons near the Γ point, of
which the nuclear site group analysis and its extension to crystals is of special
interest here [71]. The total number of normal modes and its symmetry properties
can be identified by the tables in Ref. [71]. In addition, there are several computer
programs that can also obtain these information for verification and comparison
(see for instance Ref. [72]).

The irreducible representations are labeled according to their dimensionality,
which can be obtained by the character of the identity transformation. “A” and
“B” are 1D, “E” are 2D, and “T” are 3D representations. If there is more than one
representation with the same dimensionality an index of a consecutive number is
appended. A special situation occurs for a point group with an inversion operation.
Then, the representations are divided into even and odd parity, denoted as “g”
(gerade) and “u” (ungerade), respectively.

The considerations so far only regard the Γ point of the BZ. For phonon branches
away from the Γ point, i.e., other high symmetry points, the symmetry might be
reduced.

18



2.4. Group theoretical analysis and selection rules

Vibrational displacement pattern of normal modes
For the normal modes found for a specific crystal, the atomic displacements com-
patible with the point group can be obtained. The displacement vectors must also
be invariant under the applying symmetry operations. The vibrational pattern of
the normal modes can be found via projection operator algebra [44]:

P̂ Γn = ln
h

∑︂
R

χΓn (R) P̂R. (2.15)

In Eq. (2.15), P̂ Γn is the projection operator, ln is the dimensionality of the
irreducible representation, and h = ∑︁

n l
2
n is the order of the point group. The

product of the character χΓn(R) and the symmetry operator P̂R is summed over all
symmetry operations R of the point group. For the implementation of Eq. (2.15),
the operators are applied to an arbitrary displacement of one atom that is chosen to
be presumably correct. Through the symmetry transformations and the summation,
contributions that are not conform with symmetry are canceled out. The result are
the displacement vectors for the considered atom and the atoms belonging to the
same Wyckoff position for the specific irreducible representation.

Crystal field properties of crystals
The energy levels of electrons in a crystal are also labeled by irreducible represen-
tations of the double point group. For the differentiation with vibrational normal
modes, the representations are all indicated by Γ and an consecutive index number.
Even and odd parity is marked by a “+” and “−”, respectively. The number of
irreducible representations for a double group exceeds the representations for point
groups for vibrational modes.

Selection rules for Raman spectroscopy
The observation of scattered light in Raman experiments depends on two conditions:
the symmetry properties of the excitation must enable Raman scattering and the
chosen experimental measurement conditions considering the polarization directions
of the incident and scattered light must allow the observation. Both requirements
must be fulfilled simultaneously. They are discussed in the following.

In general, a matrix element of the form ⟨ψf |O|ψi⟩ can be evaluated, whether it
vanishes or not, in the framework of group theory. The transition between ψi and
ψf , which are the initial and final states, respectively, is coupled by the operator O.
The states as well as the operator transform according to specific representations of
the symmetry group and are invariant under the applicable symmetry operations
[44]. The direct product of the irreducible representations of each participating
component is used to determine if the result is vanishing or non-vanishing [43]:

⟨ψf |O|ψi⟩ −→ Γi ⊗ ΓO ⊗ Γf =
∑︂

n

cifnΓn. (2.16)
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The direct product reveals all representations that are contained. Technically, the
characters for all symmetry operation classes are multiplied separately. Subsequently,
the resulting reducible representation can be decomposed into a sum of irreducible
representations [44]. The matrix element can only be nonzero, if the direct product
includes the totally symmetric irreducible representation, i.e., the A1g representation.
In other words, the matrix element in Eq. (2.16) only does not vanish if the direct
product contains a component that transforms like a scalar constant [43,44]. Note
that the totally symmetric irreducible representation will only appear in a direct
product of an irreducible representation with itself [43].

The considerations of Eq. (2.16) can be applied to vibrational transitions as in
vibrational RS. The crystal lattice undergoes a transition from a ground state to
an excited state. The initial state is considered as fully symmetric and the operator
transforms like the change of the susceptibility of Eq. (2.8), i.e., like a symmetric
second-rank tensor. Therefore, a normal mode is Raman active, if the excited normal
mode also transforms as a symmetric second-rank tensor. The Raman-active modes
have quadratic basis functions. In contrast, modes that transform like vectors are
called IR active. If the UC of a crystal has an inversion center, the modes can
be exclusively either Raman or IR active [44]. Modes that are not Raman nor IR
active are called silent modes.

In the case of electronic RS, e.g., of CFEs in materials containing rare-earth
elements, selection rules for quadrupole interaction (comparable to a subsequent
series of two dipole transitions) apply [73]. Hence, generally only electronic transi-
tions with ∆J = 0,±1,±2 and ∆MJ = 0,±1,±2 are allowed [42,74]. The selection
rules between electronic states are tabulated for each double point group for the
common main crystal axes [42,75]. Furthermore, parity must be conserved in
electronic Raman scattering. The parity of an electronic state is defined as (−1)l for
crystals with inversion symmetry [42,44]. The parity changes in the direct products
according to [68]:

Γ±
i ⊗ Γ±

f =
∑︂

n

cifnΓ+
n , (2.17)

Γ±
i ⊗ Γ∓

f =
∑︂

n

cifnΓ−
n . (2.18)

Since for dipole transitions the parity of the states must be opposite, electronic
Raman scattering on a 4fn state involves an intermediate electronic configuration
like 4fn−15d [73]. The predictions of Eq. (2.16) are not only valid for the electronic
transitions of Eq. (2.13) but also for the electronic transitions of Eq. (2.14).

The partial derivative of the dielectric susceptibility in Eq. (2.8) is a third-rank
tensor. For scattering on phonons, this derivative together with the normalized
vector Q̂0

n in the direction of the phonon displacement defines the Raman tensor R
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[12]:

R =
∑︂

n

(︄
∂χα,β

∂Q⃗n

)︄⃓⃓⃓⃓
⃓
0
Q̂0

n. (2.19)

Hence, R is a second-rank tensor that transforms like the irreducible representa-
tion of the phonon Q⃗n defined in Eq. (2.7) [43]. It can be constructed by the basis
function of the applicable irreducible representation. The Raman tensor has the
general form:

R =

⎛⎜⎝xx xy xz
yx yy yz
zx zy zz

⎞⎟⎠ . (2.20)

The tensors are tabulated for each point group for the common main crystal
axes (see for instance Refs. [59,61,76]). Note that the Raman tensor is not unique
in the sense that entries in the tensor can be shifted to other connected tensors
in accordance with symmetry. For scattering from other crystal faces, the Raman
tensor R has to be rotated accordingly.

With the aid of the Raman tensor R, the intensity IRS of Stokes scattering can be
determined with the polarization vectors e⃗i and e⃗s, which denote the polarization
directions of the incident and scattered light, respectively [12]:

IRS ∝ |e⃗i · R · e⃗s|2 . (2.21)

Whether the intensity IRS vanishes or not, can be controlled by the externally
tunable polarization directions. Note the similarity with Eq. (2.12). To sum up, a
vibrational or electronic excitation can be observed in RS if symmetry considerations
prove it to be Raman active and the adjusted polarization elements in the experiment
allow a detection. In the next section, the experimentally achievable polarization
configurations are explained in detail.

2.5. Experimental Raman and preparation setup
The SRS setup consists of two main parts. The optical part includes all devices that
are necessary to perform the optical Raman measurements. The ultrahigh vacuum
(UHV) part comprises the vacuum chambers for the preparation of the samples and
the storage during the measurements. Hence, after preparation the samples can
be measured in situ without exposition to atmosphere. In the following, the latest
state of the setup is described.
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Figure 2.5.: Schematic top view of the optical Raman setup. The laser beam is
focused onto the sample, which is in the UHV chamber. The scattered
light is then analyzed by a polarization analyzer and the spectrometer.

2.5.1. Optical Raman setup

The optical path of the experiment is depicted schematically from a top view in
Fig. 2.5. The samples are excited by an Ar+ ion gas laser (Coherent Innova 90)
with the laser lines 488.0 nm (∼=2.54 eV) and 514.5 nm (∼=2.41 eV) with laser powers
of 100 – 300 mW, which is measured with a power meter. The Brewster windows
terminating the laser tube polarize the beam vertically. The laser beam first passes
a wavelength-specific clean-up filter (Semrock MaxLine) that suppresses plasma
lines and can subsequently be attenuated by neutral-density filters. It is then
focused on the sample in the UHV chamber with an achromatic lens with a focal
length of 250 mm. The use of achromatic lenses ensures equal optical properties
for light of different wavelengths in the relevant spectral range. All utilized lenses
have antireflection coatings. The spot on the sample has a diameter in the range
of 100 µm which equals a power density of ≈1250 W/cm2 at 100 mW. The power
density needs to be low enough to prevent uncontrolled sample heating in the region
of the laser spot. The direct reflex from the sample is blocked by a beam trap.

The scattered light from the sample is collected and collimated by a lens system of
three achromates with an aperture of f/3 (see Fig. 2.6). The lens system includes a
diaphragm in an intermediate focal plane for stray-light suppression. The collimated
beam is passing several optical elements. Laser-line filters block the strong elastically
scattered laser light. Either an ultrasteep long-pass edge filter (Semrock RazorEdge)
or two Bragg notch filters (OptiGrate BragGrate) are employed. All filters are
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wavelength-specific and are characterized by edges that are as steep and close to the
laser wavelength as possible (see Sec. G). The edge filter allows measurements of
the Stokes spectrum down to 35 cm−1. In contrast, with Bragg notch filters Stokes
and anti-Stokes spectra down to |25 cm−1| can be recorded simultaneously. An
advantage of the edge filter over the Bragg notch filter is its very high transmission
throughput. The beam can be analyzed by a linear polarization analyzer. The last
achromat focuses the beam onto the entrance slit of the spectrometer.

The single grating spectrometer (Spex 1000M) in Czerny-Turner design has a
focal length of 1.0 m and an aperture of f/8. The entrance slit width is usually set
to 100 µm. Inside the spectrometer, a blazed holographic grating with a groove
density of 1500/mm is installed. The highest efficiency of the grating is achieved
if the polarization of the incident light is parallel to the grooves and it drops for
perpendicular orientation. Therefore, an achromatic λ/2 wave plate in front of
the spectrometer is used to obtain the same efficiency of the grating for both
polarization configurations. For perpendicular (i.e., horizontal) alignment, the
polarization of the beam is rotated by the λ/2 wave plate by 90◦, while it passes the
plate unaltered for parallel orientation. On the exit, the spectrometer is equipped
with a Si-based charge coupled device (CCD) detector (Andor iDus DU401A). The
chip has a (1024 × 127) pixel array with a pixel size of 26 µm × 26 µm. The vertical
range of illuminated pixels is specified and binned to improve the signal-to-noise
ratio. The CCD detector is Peltier-cooled to 193 K and has a quantum efficiency of
≈85 % at this temperature in the relevant spectral range.

The Raman spectra are recorded by a self-written automated program with
integrated background correction. For the background measurements the shutter
blocks the laser beam while a spectrum is registered as it would be in normal
operation mode. Typical integration times are three accumulations with 300 s
each. For special purposes integration times can be varied. The frequency axis of
the Raman spectra is calibrated by second-order polynomial fitting of measured
plasma lines to tabulated frequencies of Ar+ transition lines. To obtain spectra
with plasma lines, the clean-up filter is removed from the laser beam while leaving
the remaining setup unchanged (see Sec. E). The reference values for the plasma
lines are taken from Ref. [77]. In some cases, the Raman spectra are smoothed by
the Savitzky-Golay algorithm and in cases, where the laser edge leaks through the
filters, a manual background correction can be applied.

The spectral resolution (full width at half maximum (FWHM)) of the Raman
setup is approximately 2 cm−1. This can be seen as closest separation between
two features that can be resolved as distinct peaks. However, peak positions can
be determined more precisely due to fitting of the Raman spectra. Usually Voigt
profiles are used, which are a convolution of a Gaussian and a Lorentzian profile [78].
The Gaussian resembles the slit function of the spectrometer, while the Lorentzian
characterizes the physical line shape. Therefore, a spectral peak position accuracy
of ≈0.1 cm−1 can be achieved after fitting procedures.
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Figure 2.6.: Optical UHV Raman chamber with indications of the polarization
properties of the incident and scattered laser light. The inset depicts
the crystal axis orientations of the sample in the Raman chamber.
The labels illustrate the Porto notation of Eq. (2.22) as used in the
measurements.

The Raman measurements are conducted in quasi-backscattering geometry. The
inclination of the incident laser beam with respect to the normal of the (111) sample
surface is 39◦ (see Figs. 2.4 and 2.6). The relevant angle is reduced according to
Snell’s law due to refraction towards the surface normal direction since the refractive
index of the sample holds n > 1. The refractive indices of the sample substrates
Si, Ge, and Pt at 488 nm are 4.37, 4.24, and 1.94, respectively [79]. Therefore, the
deviation from the ideal backscattering geometry, where incident beam and surface
normal are parallel, is only small.

The polarization configurations of the Raman spectra are denoted according to
the Porto notation [47,80]:

k⃗i (e⃗ie⃗s) k⃗s. (2.22)

The propagation and polarization vectors of the incident and scattered light
are defined as in Eqs. (2.4) and (2.21). The vector normal to the (111) surface is
denoted as z direction. Furthermore, the polarization of the laser beam is labeled
as x direction and accordingly holds x ⊥ y. The x and y directions are usually
chosen to be parallel to the crystal axes. For (111) surfaces this yields x ∥ [112̄] and
y ∥ [11̄0]. The polarization analyzer in front of the spectrometer selects either the
x or y polarization. So there are two possible polarization configurations: z(xx)z̄
and z(xy)z̄. If no polarization analyzer and λ/2 wave plate are used, the spectra
are labeled as z(xu)z̄ with u = x+ y, where u stands for unpolarized. The used
polarization configurations are also indicated in Fig. 2.6.

Additionally, a HeNe gas laser with 632.8 nm (∼=1.96 eV) and a laser power of
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Sample holder
for direct-current

heating

TC

MPCRC

Figure 2.7.: Experimental UHV setup consisting of the Raman chamber (RC), the
mobile preparation chamber (MPC), and the transfer chamber (TC).
On the right, a sample holder for the direct-current heating of the
semiconductor samples is displayed.

19 mW can be integrated into the optical setup.

2.5.2. Ultrahigh vacuum preparation setup
The UHV complex connects three different chambers. It is illustrated in Fig. 2.7.
The Raman chamber is connected through the transfer chamber with the mobile
preparation chamber. The mobile preparation chamber is part of the Forschergruppe
FOR1162 and is detachable. Thus, it is transportable to other measurement facilities
and ensures similar preparation conditions within the group of involved research
teams.

The base pressure in all UHV chambers is p < 1 · 10−10 mbar measured with
hot filament ion pressure gauges. According to an approximation for a dosage of
one Langmuir, the time until the sample surface is covered again with adsorbates
accounts to several hours [15]. Thus, the surfaces of the samples are not affected
during the Raman measurements. To achieve the low pressures, turbomolecular
pumps with membrane rough pumps and ion getter pumps with included Ti
sublimation pumps are employed and additionally all chambers are baked out.

The mobile preparation chamber is equipped with several components for prepa-
ration. The samples can be heated by direct-current heating or alternatively by
electron bombardment of an e-beam filament. To use direct current, a power supply
(TDK-Lambda Genesys) capable of delivering 12.5 A and 750 W is employed. In the
case of e-beam heating, electrons are emitted by the hot filament and accelerated
by high voltage onto the sample. Direct-current heating is preferred over e-beam
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heating from the front side since it avoids the contamination of the surface. The
sample temperature is contactlessly controlled by a pyrometer. For the semiconduc-
tor substrates a special pyrometer (LumaSense Impac IS 12-Si) for silicon wafers
is used. It can measure temperatures of 670 – 1570 K. As a calibration parameter,
the material-specific emissivity is set to 67 % for Si and 58 % for Ge [81,82]. The
temperature of the Pt substrate is measured by a conventional pyrometer. For
the removal of the topmost atomic layers, a sputter gun for sputtering with Ar+

ions is installed. The accelerated ions bombard the surface excavating the surface
atoms. For providing the atoms to be deposited on the sample surface, an e-beam
evaporator (Omicron Focus EFM3) is used to deposit the atoms on the sample
surface. The barrel of the evaporator can be loaded with one evaporant element
species at a time (Au, Ce, La, or Sn). A suitable barrel material is chosen according
to the evaporant. The flux is controlled by a water-cooled quartz crystal microbal-
ance. The quartz crystal is stimulated to oscillations whose frequency decreases
if adatoms are attached to its surface. Thereby, the deposited amount can be
measured exactly. After preparation, the surface reconstructions can be checked
for quality by low-energy electron diffraction (LEED). To observe LEED patterns,
electrons of well-defined energy (E . 100 eV) are scattered elastically on the surface.
The resulting diffraction spots are very sensitive to the surface reconstruction, due
to the small penetration depth of the electrons. The interference pattern depends
on the electron energy and can be visualized on a phosphorous screen [15]. The
recorded LEED patterns are edited to reveal all structures.

To prepare the semiconductor samples, a sample holder that allows electrical
current flow through the sample is used (see Fig. 2.7). To achieve this, the basic
bayonet-like sample holder is split in two electrically separated Mo contacts. They
are stabilized by an electrically insulating sapphire crystal. Sapphire is a good choice
since it has a good heat conductivity at low temperatures while being insulating [83].
The semiconductor samples are fixed on the crystal by Ta clamps and positioned so
that its edge regions are connected to the Mo contacts. The intermetallic systems
are prepared on a single Pt crystal which is connected to a transferable bayonet-like
sample holder. All sample holders can be moved by transfer sticks through all
chambers. The samples on its holders are initially transferred into the vacuum
chamber via the load lock of the mobile preparation chamber without breaking the
UHV.

In the Raman chamber the optical measurements are performed (see Fig. 2.6).
Therefore, the sample can be positioned to ensure the required orientation and
placing for the incident laser beam. The laser beam is directed into the chamber
through a chamber window. Scattered light and the direct reflection are coupled
out in the same way.

The Raman chamber has a continuous-flow cryostat inset that enables cooling of
the samples. In addition to measurements at room temperature (RT, T ≈ 300 K),
the samples can be cooled to low temperatures (LT, T ≈ 20 – 40 K). The cryostat
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Figure 2.8.: Indications of the surface positions T4, H3, and T1 on a (111) surface
of a crystal with diamond structure.

temperature is controlled by a Pt100 resistive sensor in 4-wire connection. The
cryostat has a manipulator which allows translational movements in all directions.
Furthermore, samples are rotatable around two axes. This chamber is equipped
with a separate LEED.

If no UHV conditions are required, a small cold-finger cryostat can be used. It
has easy access for loading with samples and can be cooled with liquid N2. The
cryostat is evacuated by a turbomolecular pump with a membrane rough pump.

2.6. Nomenclatures

In this thesis several commonly accepted nomenclatures are used, apart from the
already explained ones.

Surfaces and its orientation are indicated by the Miller indices “hkl”. It is
differentiated between planes indicated by round brackets, i.e., (hkl), and directions
indicated by squared brackets, i.e., [hkl] [84].

On top of (111) surfaces of a crystal with diamond structure there are special
positions that are preferentially occupied or serve as reference [85]. A surface
structure with marked positions is given in Fig. 2.8. An atom on a T4 position is
located atop the surface in the middle of three substrate atoms. Whereas the H3
adatoms sit in the middle of a hexagon formed by atoms of the first and second
substrate layer. The T1 adatoms are vertically above the first layer atoms.

Surface reconstructions are labeled in accordance with the Wood notation. This
notation reflects the length ratio of the reconstructed SUC with respect to the
intrinsic unreconstructed UC [10,84]. The resulting description for a clean-surface
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reconstruction can be given as [10]:

S(hkl)-κ
(︄

|⃗a′
1|

|⃗a1|
× |⃗a′

2|
|⃗a2|

)︄
Rϕ. (2.23)

This notation starts with the chemical composition “S” of the substrate by
appending the already introduced Miller indices of the surface. The following κ is
replaced by a “c” for centered SUCs, and is usually omitted for primitive SUCs.
The ratios in brackets give the relation of the unit vectors a⃗′

1 and a⃗′
2 of the surface to

the corresponding vectors a⃗1 and a⃗2 of the substrate. If the SUC is rotated against
the substrate UC, the angle ϕ between a⃗′

1 and a⃗1 is specified by the notation Rϕ.
This information is sometimes left out for brevity.

For adsorbate-induced reconstructions, the notation of Eq. (2.23) is slightly
altered to:

A-κ
(︄

|⃗a′
1|

|⃗a1|
× |⃗a′

2|
|⃗a2|

)︄
Rϕ/S(hkl). (2.24)

With the atomic species of the adsorbate given in “A”, the meanings are same as
before. In cases where the reconstruction plays a circumstantial role, the notation
can be recast to:

A/S(hkl). (2.25)
This short version is applied to the surface adsorbate systems as well as to the

surface intermetallic systems. In the latter case “A” is replaced by the intermetallic
compound.
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3. Surface adsorbate systems
In this chapter, the semiconductors Si(111) and Ge(111) with surface coverages of Au
and Sn in the (sub-)ML regime are investigated. Furthermore, the reconstructions
of the clean semiconductor surfaces are examined. The phase diagrams for the
Au/Si(111), Sn/Ge(111), and Sn/Si(111) systems are presented to show the variety
of possible surface reconstructions and to motivate the preparation conditions for
the desired reconstructions.

The Au-reconstructed Si(111) surfaces as well as the Si(111)-(7×7) surface were
investigated in close cooperation with the department Nanostrukturen of the Leibniz-
Institut für Analytische Wissenschaften - ISAS - e.V. in Berlin. These surface
systems were thus additionally studied with a different Raman setup yielding
further confirmation of the reproducibility. Furthermore, calculations regarding the
Au-reconstructed Si(111) surfaces were performed by S. Sanna and coworkers from
the Institut für Theoretische Physik at the Justus-Liebig-Universität in Gießen. The
DFT calculations were performed as implemented in the Vienna ab initio simulation
package (VASP) [86,87]. Most parts of the results presented in this chapter are
published in Refs. [33,34,88].

3.1. Bulk semiconductors Si(111) and Ge(111)
The bulk region of the samples dominates the recorded Raman spectra and therefore
also determines the relevant frequency range.

Si and Ge are isovalent and crystallize both in the diamond structure. This
structure consists of two face centered cubic (FCC) lattices of which one is diagonally
shifted by a

4 in [111] direction, with a being the cubic lattice constant. It belongs to
the point group Oh [12]. In Fig. 3.1, a UC is depicted together with a (111) plane.
The (111) plane separates the UC diagonally and exhibits a hexagonal surface
structure that belongs to the surface space group p3m1 (corresponding to the 3D
point group C3v) [10]. Due to this similarities, the Raman spectra of Si(111) and
Ge(111) are closely related and will be described together.

The most intense peaks in the Raman spectra of both are at 520 and 300 cm−1

for Si [89,90] and Ge [91], respectively. This can be observed in Fig. 3.2. The
deviation in frequency is a result of the mass difference and the different atomic
distances. These peaks are attributed to the LTO phonon, which is degenerate
at the Γ point of the BZ. This degeneracy is due to the absence of LO-related
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(111)
plane

Figure 3.1.: The bulk UC of the diamond structure with indication of the relevant
(111)-oriented plane. The semiconductors Si and Ge crystallize in the
diamond structure.

electric fields in non-polar crystals with diamond structure [12]. This first-order
peaks strongly exceeds the vertical scale, because it is about a factor 102 more
intense than the surrounding structures. The selection rules for the LTO phonon
mode at the (111) surface can be predicted by utilizing Eq. (2.21). To apply this
equation, the three Raman tensors for the degenerate T mode of Oh must be rotated
[92]. The explicit calculation yields that the two TO modes are observable in both
polarization configurations z(xx)z̄ and z(xy)z̄. In a configuration with z(xx)z̄
polarization the LO mode is additionally observed, while in a z(xy)z̄ spectrum it is
not [12]. Under the assumption of comparable entries in the Raman tensors, the
intensity will drop in the z(xy)z̄ spectrum by 1

3 , as is indicated by the LTO onsets
in Fig. 3.2 for Si(111) and Ge(111).

Apart from the first-order LTO structures, there are many overtone and combina-
tion modes. The most prominent one is attributed to the second-order transversal
acoustic (2TA) phonon peaks which are centered at 300 and 163 cm−1 for Si and
Ge, respectively. These Raman signatures have an extremely broad structure and
resemble the phonon density of states (PDOS) [13,91,93]. The center is assigned
to the X point of the BZ and hence denoted as 2TA(X) [89–91]. This peak also
gains weight from the closely located Σ point. The intensity declines to the left
and right side to the L and W points, respectively. The actual shape of the 2TA is
slightly different between Si(111) and Ge(111) and also depends on the exciting laser
wavelength [94,95] (see Sec. D). As expected for second-order peaks, the intensity
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Figure 3.2.: Raman spectra of the bulk semiconductors (a) Si(111) and (b) Ge(111).
The spectra are shown for the polarization configurations z(xx)z̄ and
z(xy)z̄ for RT. The labels indicate the origin of the vibrational struc-
tures and the corresponding positions in the BZ.

considerably declines in the z(xy)z̄ spectrum.
Above the LTO phonon, there are further Raman features. These peaks are

shown for Ge(111) in Fig. 3.2(b) due to the shrinked spectrum compared to Si(111).
The peak labeled 2LTO originates from a second-order process including the LTO
phonon at the Γ point. The other two features are from other high symmetry point
of the BZ [91]. Note that at the L point the degeneracy of the optical branches
at Γ is lifted and therefore two peaks are observed. Closely below the peaks from
the L point, there are furthermore features that are related to the X point. Other
peaks are due to combination modes, i.e., the combination of acoustic and optical
phonons. The vibrational modes observed for Si(111) above the LTO phonon are
very similar to the ones of Ge(111).

The Raman scattering efficiency differs from Si to Ge. The first-order Raman
intensity of Si(111) at RT is higher by a factor of ≈12 than that of Ge for a laser
wavelength of 488 nm (see also Ref. [96]).

The Raman spectra in Fig. 3.2(a) are plotted down to 0 cm−1 to illustrate the
effect of the edge filter. Between the strongly attenuated laser line at 0 and ≈50 cm−1

the intensity vanishes and prevents the observation of modes in that region.
If the Si(111) and Ge(111) samples are cooled to LT, the 2TA structure will drop

in both polarization configurations (see Sec. C). This is due to the fact, that the
second-order intensity is much more temperature dependent than the first-order
scattering. While at a given temperature for first-order processes the Raman
intensity is proportional to (nBE(ω) + 1), the second-order intensity is proportional
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to (nBE(ω
2 ) + 1) at the same temperature [61,97]. Furthermore, the FWHM of the

LTO phonon will also decrease with temperature.

3.2. Clean semiconductor surfaces
The reconstructions of the clean surfaces of the semiconductors Si(111) and Ge(111),
obtained after high temperature annealing, are Si(111)-(7×7) and Ge(111)-c(2×8),
respectively [10,98,99]. The vibrational properties of both are of interest since the
reconstruction introduces a lot of new modes with respect to the unreconstructed
surfaces. Secondly, these surfaces are pre-stages for the adsorbate systems explained
in the following and must therefore be distinguished in the Raman spectra. Although
the Raman investigation of the Si(111)-(7×7) reconstruction by SRS took mainly
place prior to the work of this thesis [100], it will be briefly discussed based on LT
Raman spectra that were recorded later within this thesis.

3.2.1. Preparation of Si(111)-(7×7) and Ge(111)-c(2×8)
All samples are prepared in the mobile preparation chamber. Therefore, the
considered surface systems are all prepared under similar conditions.

Highly doped semiconductor samples of Si(111) (n-type, dopant P, ρ = 0.009 –
0.011 Ω cm) and Ge(111) (p-type, dopant B, ρ = 0.05 – 1.3 Ω cm) are used as
substrates, enabling heating by direct current. The samples are cut into rectangular
pieces (10.0 mm × 2.5 mm) and polished on the front side. A miscut of considerably
less than ±1◦ with respect to the ideal (111) surface is assumed. The Si(111)
and Ge(111) substrates are cleaned ex situ by boiling in acetone and methanol
or ultrasonic cleaning in acetone for several minutes. Afterwards the samples are
loaded into the UHV chamber and degassed in situ for several hours at T ≈ 900 K.
During this procedure the pressure is below p < 1 · 10−9 mbar.

The Si(111) samples are heated several times in a flash annealing procedure to
obtain the clean Si(111)-(7×7) reconstruction (see also Sec. F). Flash annealing
comprises the fast heating to T = 1550 K for 10 s, followed by a rapid temperature
decline to T = 1200 K. The sample is then cooled slowly to RT.

To get the clean Ge(111)-c(2×8) reconstruction, the preparation of Ge(111) is
different from the one of Si(111). The GeO2 layer on the surface cannot completely
removed by thermal heating due to stronger binding to the substrate than SiO2 [101].
Therefore, the surface is sputtered by Ar+ ions (E = 1 keV, p ≈ 1 – 2 · 10−6 mbar)
for 20 min and subsequently annealed at T = 1100 K for ≈30 s with a slow cooling
rate to RT (see also Sec. F). This procedure is repeated several times.

Both sample reconstructions are inspected after preparation to show a clear
LEED pattern.
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3.2.2. Raman spectroscopy results for Si(111)-(7×7)
The clean Si(111)-(7×7) surface shows a very complex surface reconstruction in
contrast to the (1×1) reconstruction of the unreconstructed Si(111). Hence, the
SUC is considerably enlarged. For the atomic structure the dimer-adatom-stacking
fault (DAS) model by Takayanagi et al. is widely accepted [102].

It is interesting to note that the surface is metallic at RT, although the bulk
is semiconducting [103,104]. This is due to the fact that the SUC contains an
odd number of electrons. At low temperatures of some K, correlation effects
become relevant and open an energy gap accompanied with a drop of the electronic
conductance [104].

Atomic surface structure and LEED pattern of Si(111)-(7×7)
The SUC of the Si(111)-(7×7) reconstruction consists of two inequivalent triangular
subcells as shown in Fig. 3.3(a). They differ in their stacking sequences and are
accordingly termed faulted and unfaulted half. In contrast to the unfaulted subcell
whose subjacent layers show a regular pattern, for the faulted half the topmost
bilayer is reflected which results in a different orientation to the lower bilayers.
Therefore, the fourth layer atoms are not visible in the faulted half in the topview
of Fig. 3.3(a). Characteristic for this reconstruction are the circular corner holes
centered around a DB in each corner of the rhomb. Between the corners dimerized
Si atoms are located along the cell boundaries. Atop the first complete surface
layer (complete aside from the corner holes) there are 12 adatoms, half of them
near the corners of the subcells and the other half near the middle of the edges.
Additionally, six restatoms are located in the first layer. The atoms in the corner
hole, the Si adatoms, and the Si restatoms all have DBs. However, the amount of
19 DBs of the Si(111)-(7×7) surface is considerably lower than the 49 DBs of the
unreconstructed Si(111) surface [100].

The Si(111)-(7×7) surface reconstruction belongs to the point group C3v [105].
The SUC is invariant under rotations of 120◦ around the corner hole. Furthermore,
there are three vertical reflection planes all crossing the corner hole position.

A typical LEED pattern of the Si(111)-(7×7) surface is shown in Fig. 3.3(b).
Together with surface-induced LEED spots, the spots of the (1×1) surface, which
stems from the topmost bulklike layers of the substrate, are clearly resolved. Between
the (1×1) spots there are six equidistant spots that divide the distance into seven
parts. The observed spot pattern varies with electron energy. Clearly separated and
resolved (7×7) spots indicate a good surface quality. A low background intensity is
a further evidence for a well-ordered surface.

Surface Raman spectra of Si(111)-(7×7)
Due to the surface reconstruction, new Raman peaks appear in the Raman spectra
in contrast to the unreconstructed surface. In Fig. 3.4, the polarization-dependent
spectra of the Si(111)-(7×7) reconstruction for z(xx)z̄ and z(xy)z̄ polarization
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Figure 3.3.: Depiction of (a) the atomic surface structure and (b) the LEED pattern
of the Si(111)-(7×7) surface reconstruction. Red colored Si atoms are
atop of the first complete layer. The restatoms are marked in blue.
The LEED pattern was recorded at RT and with an electron energy of
61 eV. Structural data adapted from Ref. [106].

configuration are shown for LT. Additionally, the spectra of the unreconstructed
Si(111) surface are also shown for reference (see also Fig. 3.2(a) for comparison).

The first peak in Fig. 3.4 that can be clearly attributed to the Si(111)-(7×7)
surface is observed at 62.4 cm−1. It appears only in z(xx)z̄ polarization and was
identified with a backfolded RW by HAS [107]. The RW is folded by in-plane and
out-of-plane reciprocal vectors in the sagittal plane. Due to the backfolding the RW
has a frequency at the Γ̄ point of the SBZ that is high enough to be detected by SRS.
A further peak centered at 99.2 cm−1 fits also very well in the scenario of backfolded
RWs. In accordance with the HAS measurements it is attributed to a second folding
of the RW. These experimental results are also in good agreement with theoretical
calculations. In a MD study, an oscillation with a rigid-body in-plane translation
elongation pattern with a frequency of ≈60 cm−1 was predicted and is associated
with the measured RW [105]. Furthermore, there is a calculated rigid-body rotation
mode at 80 cm−1 that might be identified with the mode at 99.2 cm−1 in the Raman
spectra. In Ref. [108], similar values for the RWs (60 – 100 cm−1) were found by
total-energy calculations.

The vibrational modes above approximately 100 cm−1 are considered to be of
optical character [100]. A prominent group of three peaks is found in the Raman
spectra with z(xx)z̄ polarization located at 117.6, 130.0, and 141.0 cm−1. According
to calculations, the Raman intensity of this group can be mainly attributed to an
in-plane wagging mode of the adatoms and atoms in the first layer (≈120 cm−1

[105] as well as 113 and 137 cm−1 [108]). Above the group of three peaks there is
another double group that is observable in both polarization configurations. These
modes are at 179.5 and 189.4 cm−1 and only appear in the LT spectra. At higher
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Figure 3.4.: Raman spectra of the Si(111)-(7×7) surface reconstruction at LT. Both
polarization configurations are shown together with the unreconstructed
reference surface of Si(111). Note the additional Raman peaks that are
induced by the surface reconstruction.

frequencies, a peak at 252.6 cm−1 in the z(xx)z̄ spectrum is clearly visible, but is
much more distinctive in the z(xy)z̄ spectrum. Only a small bump in the Raman
spectrum with parallel polarization configuration points to a mode at 277.1 cm−1,
which is ascribed together with the previous peak at 252.6 cm−1 to a mode mainly
located at the adatoms [109]. The frequency range 220 – 280 cm−1 in the MD
calculations of Ref. [109] depends on the localization of the adatoms near a corner
hole or near edge-center sites. Furthermore, both a HREELS experiment and
theoretical investigations found also modes at ≈240 cm−1 that are attributed to
adatom movement [24,105]. The modes with the highest frequencies are found in
the region of the 2TA(W ) of bulk Si(111). A broad feature is located at 421.4 cm−1

that is clearly observed in z(xy)z̄ polarization. The eigenmode at 421.4 cm−1 is
considered as collective mode in which the adatoms as well as the layers underneath
take part. The calculated frequency of 417 cm−1 of Ref. [109] agrees well with the
experimental value. It is followed by a weak feature at ≈455 cm−1 that is allusively
observed in the z(xy)z̄ Raman spectrum but is not clearly resolved. All Raman
peaks together with theoretical results are summarized in Tab. 3.1.

Similar surface Raman spectra were presented in Ref. [100] (for RT and LT) and
Ref. [110] (for T = 120 K). However, in the Raman spectra shown here additional
modes are observed in comparison with the previously presented data. The peaks
at 99.2, 179.5, and 189.4 cm−1 were not found in previous Raman measurements.
This is most likely due to the lower temperature of the spectra shown in Fig. 3.4.
This holds especially for the double peak (179.5 and 189.4 cm−1) that is also not
observed in recent RT Raman measurements. The peak at 460.6 cm−1 described in
Ref. [110] is attributed to the weak feature at ≈455 cm−1. All other Raman peaks
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Table 3.1.: Vibrational peak frequencies (in cm−1) of the Si(111)-(7×7) reconstruc-
tion. The SRS results for LT and z(xx)z̄ polarization configuration
are presented in this thesis. The other SRS data (Col. 1 – 2) for RT
are adapted from Ref. [100] and for T = 120 K from Ref. [110]. The
theoretical results are taken from Refs. [105,108,109]. The assignments
are listed in the last column.

SRS Theory Assignment
RT 120 K LT
62.5 61.1 62.4

}︄
60 – 100 RW99.2

115.3 114.9 117.6
⎫⎪⎬⎪⎭ 110 – 140 In-plane

wagging modes130.0 129.1 130.0
136.1 136.5 141.0

179.5
189.4

250.9 250.9 252.6
}︄

220 – 280 Localized at
adatomic sites270.4 277.1

420.0 424 421.4
}︄

400 – 460 Collective modes460.6

are in very good agreement. This is also true for their polarization configurations.
The frequency differences of some cm−1 can be attributed to the different Raman
setups that were used and to different excitation wavelength. This results sometimes
in unusual frequency shifts with temperature, which are considered as artifact in
this context. These additional Raman data are attached to Tab. 3.1.

3.2.3. Raman spectroscopy results for Ge(111)-c(2×8)
The clean Ge(111)-c(2×8) surface is, compared to the Si(111)-(7×7) surface, less
complex and has a smaller SUC. The widely accepted structural model was proposed
by Becker et al. based on STM measurements [111,112]. Prior to exact structural
determination, the SUC and periodicity was determined to be c(2×8) by LEED
investigation [98].

In addition to the structural surface configuration, the vibrational properties
of the surface atoms were subject of theoretical and experimental investigations.
Theoretically, the vibrational properties of Ge(111)-c(2×8) were investigated in a
first-principles MD study which is based on local density functional calculations
[113]. The calculations are performed for the Γ̄ point of the SBZ and another high
symmetry point. Furthermore, HAS measurements revealed several phonon modes
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and their dispersion [30]. However, RS measurements do not exist for the this
surface reconstruction.

Previously, a different crystal surface plane of Ge, i.e., the Ge(001) surface, was
also investigated by SRS [114]. For this surface, several surface reconstructions
occur in dependence of the temperature. At LT, a c(4×2) reconstruction appears,
while at RT the reconstruction is changed to p(2×1)/c(4×2). In contrast to the
ordered first one, the latter remains disordered due to the coexistence of two
reconstructions. The reconstructions are crucially influenced by buckled Ge dimers
on the surface, that are antiferromagnetically ordered and execute thermally driven
flip-flop motions. The Raman spectra changed upon cooling and revealed thus
the expected phase transition. Furthermore, the Raman spectra were compared
to calculations of the phonon frequencies for p(2×1) as well as to corresponding
displacement pattern. However, for the p(2×1) reconstruction only non-decaying
surface phonon states at the SBZ boundaries were predicted and were therefore not
accessible with SRS [110]. The required mechanism for backfolding was discovered
in the dimer motion. The frequency of the dimer motion also explained different
observations in experimental techniques with different time resolutions. This aspect
will be resumed in Sec. 3.4.

Atomic surface structure and LEED pattern of Ge(111)-c(2×8)
The surface structure of Ge(111)-c(2×8) is characterized by two additional Ge
adatoms per primitive SUC as depicted in Fig. 3.5(a). These adatoms are on T4
positions. Furthermore, there are two so-called restatoms, which are part of the
first layer but are shifted with respect to their bulk positions. Also Ge atoms in
lower layers are displaced to new equilibrium positions [113]. The adatoms saturate
DBs at the surface. In Fig. 3.5(a), the primitive SUC as well as the c(2×8) SUC
are marked. Note that the number of enclosed atoms by the SUCs differs by a
factor of 2.

Theoretical as well as experimental results revealed that the adatoms and the
restatoms are not equivalent [115,116]. This is not apparent in the structural model
shown in Fig. 3.5(a). The inequality of the Ge atoms concerns their structural
and electronic properties. This implies that the Ge(111)-c(2×8) reconstruction has
no point symmetry operations, i.e., especially no mirror planes, and prevents the
application of group theoretical considerations. Which, in turn, does not mean that
the Raman modes show no polarization properties. A fascinating question in this
context is: how distinct must a distortion of the atomic lattice or the electronic
states be to influence the symmetry properties and the vibrational properties
considerably? The discussion below will readopt to this question.

The LEED pattern of Ge(111)-c(2×8), as shown in Fig. 3.5(b), is a superimpo-
sition of three c(2×8) domains. The LEED spots between the (1×1) spots can
be attributed to different domains, like schematically indicated by the differently
colored circles (green, red, and yellow). This identification can be repeated for all
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c(2x8)
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Adatom Restatom
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1
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]

[112]

(a)

Figure 3.5.: Depiction of (a) the atomic surface structure and (b) the LEED pattern
of the Ge(111)-c(2×8) surface reconstruction. The LEED pattern was
recorded at RT and with an electron energy of 58 eV. The spots marked
by green, red, and yellow circles indicate the three different domains.
Structural data adapted from Ref. [113].

spot configurations that are shaped like a St. Andrew’s cross. The surface domain
bases are rotated by 120◦ with respect to each other.

Surface Raman spectra of Ge(111)-c(2×8)
In Fig. 3.6, the Raman spectra of Ge(111)-c(2×8) are depicted for both polarization
configurations z(xx)z̄ and z(xy)z̄ at RT. Included are reference spectra of unrecon-
structed Ge(111) for comparison. Although new Raman peaks appear due to the
reconstructed surface, the essential features of bulk Ge(111) are still observable (see
also Fig. 3.2(b) for comparison). The shaded area in Fig. 3.6 marks the surface
intensity that originates from the reconstructed surface. The difference between
both spectra is shown in Fig. 3.7 for LT. Due to the lower temperature the width
of the peaks reduces and some features are better resolved.

In Fig. 3.7, the most distinctive feature in the surface Raman spectra of Ge(111)-
c(2×8) at LT is the peak at 121.7 cm−1. It is strongly parallel polarized since only a
small hump is visible in the z(xy)z̄ spectrum. Due to the small FWHM value, a flat
phonon dispersion in the vicinity of the Γ̄ point of the SBZ is expected. This is in
line with HAS experiments, which observed an optical vibrational mode with a flat
dispersion at that frequency [30]. Moreover, the MD calculations ascribed this peak
to vibrations of the Ge adatoms, although the measured intensity does not fully
coincide with the calculated PDOS [113]. Since all three methods agree very well on
the existence and frequency of this peak, this makes the peak at ≈120 cm−1 to the
best documented and prominent one of Ge(111)-c(2×8). Besides, the spectra are
naturally split in the following into parts below and above this peak. In Tab. 3.2,
the SRS data for RT and LT are compiled with the results of the MD calculations
and HAS measurements.
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Figure 3.6.: Raman spectra of Ge(111)-c(2×8) at RT for the polarization configura-
tions z(xx)z̄ and z(xy)z̄. The spectra of the unreconstructed Ge(111)
surface is shown as a reference in blue. The shaded area is attributed
to reconstruction-induced changes and yields the surface intensity.

Turning to the spectral region below 120 cm−1, one sees a series of closely occurring
peaks down to about 60 cm−1. With the aid of HAS it is possible to relate these
peaks to RWs. The RWs must be backfolded to be observable in SRS (cf. Sec. 2.1).
Lobo et al. applied a backfolding into a (2×2) periodicity, which results in two
RWs [30]. The one with lower frequency is the outcome of folding by in-plane and
out-of-plane reciprocal vectors and hence doubly degenerate, while the other one
with higher frequency is only folded out-of-plane. Focusing on the four most distinct
Raman peaks, the SRS data can be interpreted accordingly. The peaks at 61.6
and 83.6 cm−1 are identified with the two RWs mentioned above. Therefore, both
peaks are labeled as RW in Fig. 3.7. Note their appearance in different polarization
configurations which might be a sign for different origin. The MD calculations
predicted a mode, originating from adatoms as well as from restatoms, at the
same frequency as the lower RW. Furthermore, a mode that results from restatom
movement is predicted at ≈100 cm−1, which might be the counterpart for the higher
RW. For the latter RW, the agreement is not as good as for the first mode. The
most intense mode in that region is located at 69.9 cm−1 and is marked by ∗ in
Fig. 3.7. It is associated with a feature of unknown origin appearing in HAS, that
is located between the two RWs. Additionally, there are further small Raman peaks
observed at 64.9 and 77.3 cm−1 that have no equivalents in HAS measurements or
MD calculations. Although the frequency of 77.3 cm−1 matches better with the
mode labeled with ∗ in HAS (see Tab. 3.2), an assignment as made above seems
more probable due to intensity considerations. Also, the higher RW is superimposed
with a broad background. This results in a RT frequency value which is higher
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Figure 3.7.: Surface Raman spectra of Ge(111)-c(2×8) at LT for polarization config-
urations z(xx)z̄ and z(xy)z̄. The arrows indicate double peak structures.
For further labels see explanation in the text.

than that at LT and this unusual temperature shift is thus an artifact due to this
background. In HAS, two further low-frequency vibrational modes were observed.
However, they are in a frequency range that is not accessible by SRS.

Above 120 cm−1 a double peak structure appears at ≈135 cm−1 as indicated by an
arrow in Fig. 3.7. In the z(xy)z̄ spectrum the two maxima at 132.1 and 135.4 cm−1

are clearly resolved. The latter one matches quite well with MD predictions and is
ascribed to adatom movement on the surface. The appearance of two close-lying
peaks might be a result of the inequivalence of the Ge adatoms discussed earlier.
Neither of the two peaks was observed in HAS. The modes observed at 161.3 and
189.7 cm−1 together with the already mentioned peak at 121.7 cm−1 are all identified
as optical surface phonons by HAS. While the mode at 161.3 cm−1 can be related to
an adatom mode predicted by theory, the peak at 189.7 cm−1 results from restatoms
and other atoms in that layer. In low-frequency vicinity of the latter peak there
is a shoulder appearing at 182.4 cm−1. Its existence is supported by inspection of
the z(xy)z̄ spectrum. For another double peak at 221.5 and 227.6 cm−1, as also
distinguished in the z(xy)z̄ spectrum, only the first one finds a counterpart in the
PDOS calculated for the restatoms. The range above ≈200 cm−1 are not accessible
for HAS. The distinct Raman peak at 244.1 cm−1 is observed in the Raman spectra
with both polarization configurations.

At the low-frequency edge of the LTO phonon of bulk Ge(111) there are intense
Raman peaks at 260.2, 274.8, and 285.7 cm−1. Interestingly, the former two are
observed in both polarization configurations, while the latter one is only observed
in the spectrum with parallel polarization. As mentioned in Sec. 3.1, the degenerate
LTO phonon splits toward the BZ edges, e.g., the X and L point of the BZ, into a
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Table 3.2.: Vibrational peak frequencies (in cm−1) of the Ge(111)-c(2×8) recon-
struction. The SRS results for RT and LT are tabulated for z(xx)z̄
polarization configuration. The theoretical results from MD simulations
are based on local density functional calculations (MD-LDF) [113]. The
listed frequencies are attributed to contributions from the adatoms (AA)
and from the restatoms and atoms in the first complete layer (RA).
The data from HAS are also given for RT and T = 170 K, which yields
similar results [30]. The mode types according to HAS are labeled as
optical surface phonon (O) and backfolded RW. The mode marked by ∗
is identically indicated in Fig. 3.7.

SRS MD-LDF HAS
RT LT AA RA Type

35
44

60.2 61.6 62 62 64 RW
64.4 64.9
69.7 69.9 76 74 78 ∗
74.5 77.3
88.2 83.6 101 89 RW
119.7 121.7 122 120 O
131.7 132.1
135.6 135.4 135
159.4 161.3 152 159 O

171.5
181.7 182.4
187.9 189.7 189 186 O

211.9
219.3 221.5 221
224.8 227.6
239.5 244.1
257.1 260.2
272.3 274.8 276
282.9 285.7
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LO and TO branch. Therefore, the Raman peaks appearing on the edge of the LTO
phonon might be due to reconstruction-induced backfolding of bulklike phonon
modes located near the surface [117,118]. The LO branch in bulk Ge declines
indeed by ≈30 cm−1 at the X point with respect to the Γ point as observed by INS
[119]. Similar, but less pronounced features are also observed in the surface Raman
spectra of Si(111)-(7×7) (see Fig. 3.4).

The small peaks at ≈170 and ≈210 cm−1 are not clearly observed in the RT
spectra and are therefore omitted for RT. However, the first one is an actual peak
as can be seen in the z(xy)z̄ spectrum at LT.

As pointed out above, the SUC of the Ge(111)-c(2×8) surface has no mirror
planes. If one assumes hypothetically that the symmetry is not disturbed, the
Ge(111)-c(2×8) reconstruction would belong to the 3D point group Cs (for further
details see Sec. 3.3.3). Thus, Raman peaks would be only observed in z(xx)z̄ or in
z(xy)z̄ polarization configuration. By keeping this in mind and reevaluating the
surface Raman peaks found in the spectra of Fig. 3.7, one sees exclusively peaks
in z(xx)z̄ or in both polarization configurations. No peak is solely observed in
z(xy)z̄ polarization. The absence of peaks with pure z(xy)z̄ configuration is not
a definite criterion for exclusion of a mirror plane, but the assumed point group
might be actually not applicable with respect to the mentioned results. However,
the polarization properties of the peaks are very distinct and might be a hint that
there are other hidden symmetries. A further evaluation is beyond the scope of this
thesis.

3.3. Au-induced surface reconstructions on Si(111)
When Au is deposited on the Si(111) surface, several reconstructions and its
mixtures can occur, depending on the temperature treatment and coverage [120].
This is depicted in the phase diagram for the Au/Si(111) system in Fig. 3.8. The
denoted temperature specifies the annealing temperature after Au deposition. The
reconstruction remains stable during the subsequent cooling to RT. If there are
only small amounts of Au on the surface (θAu . 0.02 ML), the (7×7) reconstruction
of the clean Si(111) surface persists. For a Au coverage of θAu ≃ 0.65 ML, the
Au-(5×2)/Si(111) reconstruction is formed (see Sec. 3.3.3). This reconstruction
is found without admixtures only in a small region in the phase diagram. If the
Au coverage is decreasing or increasing, the (5×2) reconstruction is mixed with
(7×7) and (

√
3 ×

√
3) contributions, respectively. The sole Au-(

√
3 ×

√
3)/Si(111)

reconstruction appears for θAu ≃ 1.00 ML and higher coverages (see Sec. 3.3.4). If
the substrate is heated above ≈1050 K for a coverage of ≈0.65 ML, the Au-induced
reconstruction disappears and the (1×1) reconstruction of the bulk substrate
reappears. For coverages above and below, the (1×1) surface becomes observable
already at lower temperatures of ≈975 K. Finally, it should be mentioned that for

42



3.3. Au-induced surface reconstructions on Si(111)

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0 1 . 1 1 . 2 1 . 3
8 0 0

8 5 0

9 0 0

9 5 0

1 0 0 0

1 0 5 0

1 1 0 0

( )
( )

5 2
& 1 1

×

×

An
ne

alin
g t

em
pe

rat
ure

 (K
)

A u  c o v e r a g e  ( M L )

( )1 1×

( )7 7×

( )5 2×

( )3 3×( )

( )

7 7
&

5 2

×

×

( )

( )

5 2
&

3 3

×

×

A u / S i ( 1 1 1 )

Figure 3.8.: Phase diagram of the surface adsorbate system Au/Si(111). With
varying Au coverages and annealing temperatures different phases are
obtained. The adsorbate reconstructions considered here are marked
by different colors. Data adapted from Ref. [120].

Au coverages higher than 1 ML a (6×6) reconstruction was also reported [121–123].
The Au-(5×2)/Si(111) reconstruction generates quasi-1D Au chains, while the

Au-(
√

3 ×
√

3)/Si(111) reconstruction forms a 2D pattern of Au trimers. The prefix
“quasi” indicates that the chains are not strictly confined to 1D since they couple to
higher dimensions, e.g., via the substrate [124]. Due to the confinement, interactions
between the electrons become more relevant. These electronic correlations are
considered in the next section with respect to the Au-reconstructed surfaces.

For many years, both reconstructions were investigated experimentally and
theoretically as well as in joint studies. The Au-(5×2)/Si(111) surface was examined
with special focus on its atomic and electronic structure for instance in Refs. [19,125–
132]. More recently, new results of the effects of additional Si atoms on the Au chains
were reported [133]. Also, the Au-(

√
3 ×

√
3)/Si(111) surface was investigated with

the same respects, e.g., in Refs. [123,134–139]. Many of the previously mentioned
reports treat the question of electronic correlations and related effects in these
surface reconstructions. Therefore, this aspect is briefly addressed in the following
section. The subsequent sections deal with the preparation of both reconstructions
(5×2) and (

√
3 ×

√
3) and their vibration-mode analysis.

3.3.1. Electronic correlations
In all solids, electrons interact with each other. However, the impact of this
interaction is strongly system-dependent. Systems, in which these electron-electron
interactions are relevant for a correct modeling of physical properties, are called
correlated electron systems. The term for the Coulomb repulsion between electrons
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that is part of the Hamiltonian of the Schrödinger equation cannot be disregarded
and is inhibiting a direct solution [35].

On the other hand, when correlations are neglectable, a description by a one-
electron picture is justified. Thus, an ensemble of non-interacting fermions can be
considered within the ideal Fermi gas model [35]. Although this model provides
some insights, it needs to be extended to include interactions. As a rule of thumb, an
electronic system can be considered as correlated, if the Coulomb repulsion energy
exceeds the kinetic energy of the electrons [140]. There are various approximations
that take account of interactions. By considering specific interaction terms while
neglecting others, these models highlight different effects in solids. Some relevant
models are discussed briefly.

In the interacting case, a 3D system of fermions can be generally regarded as
a Fermi liquid. Quasiparticles, i.e., modified electrons, with similar properties
like bare electrons emerge while the effects of the interaction are absorbed into
parameters like an effective electron mass. Most metals can be described as Fermi
liquids. When interaction needs to be considered, an improved approximation is the
Hartree-Fock model that is solved self-consistently. Here, an electron in the mean
potential of all surrounding electrons and furthermore exchange contributions are
considered. Some problems in the Hartree-Fock approximation can be circumvented
by including screening of Coulomb interaction [35]. For numerical calculations, a
very successful approach is DFT which is also capable of involving interactions (cf.
Sec. 2.1). A special model is the Hubbard model which consists of electrons in a
lattice (mainly 2D and 1D), which are allowed to hop between lattice sites (hopping
matrix element t), but experience a repulsion if two electrons occupy the same site
(Coulomb repulsion U). By varying the relative weight of the parameters t and
U , a metal-insulator transition and other phenomena can be observed. Several
extensions were introduced for the Hubbard model, e.g., models with more bands
[35].

When the extension of a solid are reduced, correlation effects between electrons
become more relevant. This can be understood in an intuitive picture with moving
balls, where the balls are more likely to collide, if the dimensionality is lower than
3D [1]. For electron ensembles confined to 1D, the Fermi liquid properties break
down and the system is better described as Tomonaga-Luttinger liquid (TLL). A
characteristic phenomenon is that an excitation splits into two quasiparticles. They
separately carry spin and charge of the electron (spin-charge separation) and have
different group velocities [1,35]. For surface adsorbate systems, such a TLL behavior
was found for the 1D Au chains generated on Ge(001) substrate [141].

The Fermi surface is an important concept in solid state physics and is strongly
affected by changes in the dimensionality. It is defined as the constant energy
surface in the reciprocal space that marks the maximum energy (Fermi energy
EF) up to which electron states are occupied in the ground state. In a conceptual
picture for conduction electrons, the spherical Fermi surface in 3D is transformed to
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a cylindrical surface in 2D and to two plates in 1D [142]. In 1D, only wave vectors
with ±kF are possible. Therefore, for ideal 1D conditions perfect Fermi surface
nesting is realized [143].

A 1D chain of metal atoms would be in principle metallic since there is one
electron per SUC resulting in a half-filled band. However, due to the so-called
Peierls instability these systems become insulating below a specific temperature.
This metal-insulator transition is evoked by a static periodic lattice distortion (PLD)
which leads to a doubling of the SUC. The PLD is connected to a modulation of
the charge density to a charge-density wave (CDW) [143]. This opens a gap at EF
which causes a lowering and raising of the energy of the occupied and unoccupied
electron states, respectively [144]. The formation of the CDW and PLD is favored
if the energy lowering of the electronic states exceeds the energy needed for the
lattice distortion. The picture above describes electron-phonon interaction and is
also connected with a Kohn anomaly [143]. This is an illustrative example for the
interplay between the electron and lattice system that was introductory mentioned.
For 2D systems, CDWs and PLDs can also appear, but are less pronounced [143].
In principle, the appearance of a Peierls instability and TLL physics exclude each
other [141].

For the 1D Au chains of the Au-(5×2)/Si(111) reconstruction, metallic behavior
is observed for temperatures from RT down to 20 K by IR spectroscopy [131].
Additionally, the spectroscopic results are combined with DFT calculations and
reveal a half-filled electron band. Although the Au-(5×2)/Si(111) reconstruction
exhibits (quasi-)1D Au chains, observation of TLL physics is unlikely which is in
line with the fact that there is no phase transition reported [144]. The 2D Au
pattern of the Au-(

√
3 ×

√
3)/Si(111) surface is also metallic due to a half-filled

surface band [145].
Types of electrons like the ones considered above, that can move nearly free

through a solid, are considered as itinerant and delocalized. They can contribute to
electric current. Apart from itinerant electrons there are also localized electrons.
Examples for localized electrons might be the 4f electrons of the rare-earth elements
(see Sec. 2.2). Electronic correlations can occur for both types of electrons.

3.3.2. Preparation of Au reconstructions on Si(111)
Onto the clean Si(111)-(7×7) surface, the required amount of Au is deposited to
get the desired reconstruction. For the Au-(5×2)/Si(111) reconstruction, ≈1.5 ML
of Au are deposited, while the substrate is held at 950 K. Annealing at T = 1050 K
ensures desorption of excess Au atoms and self-assembly.

Instead, the Au-(
√

3×
√

3)/Si(111) reconstruction is formed at higher Au coverages
on the Si(111)-(7×7) surface. Therefore, Au coverages of 1.0 ML and above are
deposited onto the substrate that is heated to 800 K. The samples are annealed
subsequently at T = 900 K, which also allows excess Au atoms to desorb.
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Both reconstructions are prepared from a similar starting point, i.e., similar Au
deposition, but differ in the necessary annealing temperature, that decides which
reconstruction is established.

Finally, the quality of each reconstruction is checked by LEED. Through the
analysis of the LEED patterns a mixing of the reconstructions can be excluded.

3.3.3. Raman spectroscopy results for Au-(5×2)/Si(111)
The chain-like atomic structure of the Au atoms on the Si(111) surface, forming a
(5×2) reconstruction, was under debate for a long time, despite numerous experi-
mental and theoretical investigations, and was recently enriched by new proposals
[128]. There were several models suggested possessing quasi-1D Au chains. A
model for a Au coverage of 0.6 ML was suggested by Erwin, Barke, and Himpsel
and is therefore called Erwin-Barke-Himpsel (EBH) model [126]. This model is
the result of a first-principles study and its predictions are in accordance with
STM and angle-resolved photoemission spectroscopy (ARPES) measurements. A
different model with also 0.6 ML was proposed by Abukawa and Nishigaya based
on reflection high-energy electron diffraction (RHEED) measurements [127]. The
resulting Abukawa-Nishigaya (AN) model features Y-shaped Au structures and Si
adatoms and is thereby designed to explain STM observations. But due to energetic
instabilities in DFT simulations in combination with incongruity with RAS results,
it was dismissed by Hogan et al. [19]. Furthermore, Seino and Bechstedt also
rejected the AN model because of instabilities in ab initio calculations [129]. A
further model, developed by Kwon and Kang with a Au coverage of 0.7 ML was
proposed for better agreement with STM images [128]. The so-called Kwon-Kang
(KK) model is energetically more stable than the EBH model with an energy gain
of 0.92 eV per (5×2) SUC. The KK model was favored in a surface x-ray diffraction
(XRD) study [130] as well as by DFT calculations for core-level shifts in x-ray
photoemission spectroscopy (XPS) [146] and for spectra in RAS [132].

Therefore, the subsequent analysis of the surface Raman spectra of the Au-
(5×2)/Si(111) reconstruction focuses only on the EBH and KK model. With the
aid of first-principles calculations, the experimental vibrational eigenmodes are
compared to the predictions of both models to obtain the favored one [34]. The
emphasis of Ref. [34] is on surface Raman spectra at RT which are recorded with
an excitation wavelength of 660 nm. To enrich the discussion, additional surface
Raman spectra are presented here that are obtained at LT and with a different
wavelength of 488 nm.

Atomic surface structures and LEED pattern of Au-(5×2)/Si(111)
According to the atomic structure of the EBH model, shown in Fig. 3.9(a), the Au
atoms are assembled in two chains in [11̄0] direction. One chain consists of single Au
atoms in a row, while the other one is a dimerized double Au row. Between the Au
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Figure 3.9.: Atomic surface structure models of the Au-(5×2)/Si(111) surface. De-
picted are the (a) EBH and (b) KK model. In both figures, Au atoms
are colored in red and Si atoms are marked in green and blue. For
the EBH model the black stars indicate additonal Si adatoms that are
responsible for doubling of the SUC to a (5×2) periodicity. Structural
data adapted from Ref. [34].

rows, a Si honeycomb chain is located. The structure, as it is shown in Fig. 3.9(a),
has only a (5×1) periodicity, whereas experimental results yield a (5×2) periodicity,
e.g., in LEED [147]. This problem is overcome by additional Si adatoms between
the Au rows in a (5×4) pattern, which were experimentally confirmed for this
reconstruction [126]. Nearest-neighbor Au atoms of the double chain are slightly
moved towards the Si adatoms which induces an antiferromagnetically ordered tilt
of the Au dimers. Overall, this results in the desired (5×2) periodicity. This slight
tilt is not considered in the calculations and is therefore also omitted in Fig. 3.9(a).

The KK model is largely similar to the EBH model, but has one additional Au
atom in the (5×2) SUC. It is depicted in Fig. 3.9(b). With the additional Au
atom, it is more appropriate to consider the Au rows as a Au triple chain. The
Si honeycomb chain persists like in the previous model. In contrast to the EBH
model, the KK model exhibits an intrinsic (5×2) periodicity. In Ref. [128], the
impact of additional Si adatoms on the surface is also considered. These Si adatoms
are believed to be present in small amounts (coverage of ≈0.025 ML) even at well
prepared surfaces [132,133,148,149]. It was found that the surface is split into parts
with no Si adatoms and parts with a coverage of ≈0.05 ML.

In Fig. 3.10, a typical LEED pattern of the Au-(5×2)/Si(111) reconstruction
is shown. The distances between the (1×1) spots are divided into five parts by
superstructure spots. However, not all groups of intermediate spots appear equally.
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Figure 3.10.: LEED pattern of the Au-(5×2)/Si(111) surface at RT. The LEED
pattern was recorded with an electron energy of 77 eV. Note the green
arrow indicating streaks that are responsible for the doubling of the
surface periodicity.

Furthermore, there are streaky features, mainly in one direction, that are responsible
for the doubling of the periodicity as indicated by a green arrow in the LEED
pattern. Both observations are consistent with the assumption of three domains,
which are rotated by 120◦ with respect to each other and are present in different
abundance. Since these streaks and intermediate spots are observed primarily in
one direction, it is assumed that one domain predominates. Nevertheless, there are
small contributions from the other domains.

Symmetry properties of Au-(5×2)/Si(111)
The Au-(5×2)/Si(111) surface reconstruction is highly anisotropic with respect to
the main crystal directions [11̄0] and [112̄]. This strongly affects the symmetry
group of the surface since the only symmetry operation is a glide plane. These glide
planes are reflections on mirror planes combined with translations [44]. Therefore,
the Au-(5×2)/Si(111) reconstruction belongs to the 2D space group p1g1, which
corresponds to the 3D point group Cs. This group has two nondegenerate irreducible
representations A′ and A′′, which gives rise to two Raman tensors [17]:

R1
A′ =

(︄
a 0
0 b

)︄
, (3.1)

R1
A′′ =

(︄
0 c
c 0

)︄
. (3.2)

In contrast to the Raman tensor given in Eq. (2.20), the Raman tensors here are
already reduced in z direction due to the restriction to the surface. This has no
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influence on the predicted polarization properties and Eq. (2.21) is still applicable.
Thus, modes that transform according to A′ are observable in parallel polarization
configuration z(xx)z̄. On the other hand, modes with A′′ symmetry are detectable
in crossed polarization configuration z(xy)z̄.

Surface Raman spectra of Au-(5×2)/Si(111)
The unpolarized surface Raman spectrum of Au-(5×2)/Si(111) at LT is shown in
Fig. 3.11(a). The reconstruction-induced Raman intensity is decomposed by fitting
with Voigt profiles. The polarization properties of the peaks can be extracted from
the polarized surface Raman spectra of Fig. 3.11(b). Both figures are therefore
discussed together. Note that all Raman peaks of the z(xu)z̄ spectrum find coun-
terparts in the separately recorded polarized spectra (z(xx)z̄ and z(xy)z̄). The Au
chains are oriented in y direction in the Raman experiments and the polarization
of the incident laser light is perpendicular to the Au chain direction.

The first peak in the Raman spectra is located at 48.2 cm−1 and is observed
in z(xx)z̄ and z(xy)z̄ configuration. The symmetry properties are thus specified
as A′ and A′′. At 60.4 cm−1, there is another rather broad peak that has a small
low-frequency shoulder centered at 55.1 cm−1. The main peak is more prominent
in z(xy)z̄ polarization, while the shoulder is resolved in both configurations. The
following mode at 69.0 cm−1 is mainly observed in z(xy)z̄ and has therefore A′′

symmetry. A further peak structure can be clearly distinguished as consisting
of two peaks at 76.2 and 81.0 cm−1. The adjacent peak, only observed in z(xy)z̄
polarization, is located at 89.6 cm−1. At higher frequencies, the peaks at 102.0 and
115.1 cm−1 as well as the smaller peak at 129.0 cm−1, which can be clearly identified
in the z(xx)z̄ spectrum, are all only observed in parallel polarization configuration.
After a dip in the Raman intensity at about 140 cm−1, a group of four prominent
peaks appears. The first one at 150.1 cm−1 is in the edge of the following broad
peak at 165.3 cm−1. While the polarization configuration of the first peak is hard
to discriminate (presumably A′), the second one seems to be Raman active in both
configurations. The most intense double peak is observed with maxima at 180.2
and 185.4 cm−1. The first one is observed in both configurations, while the second
one only appears in the z(xy)z̄ Raman spectrum.

The inset in Fig. 3.11(a) shows a mode that appears at the high-frequency edge
of the 2TA(X) of the Si(111) substrate. The peak is located at 335.8 cm−1 and is
observed in both polarization configurations z(xx)z̄ and z(xy)z̄. The dip at about
300 cm−1 results from small intensity differences between the Raman spectra of the
reconstructed and unreconstructed samples at the 2TA(X) structure of bulk Si. All
peaks and their polarization properties are tabulated in Tab. 3.3.

Further surface Raman spectra of Au-(5×2)/Si(111) for RT and different excita-
tion wavelengths are given in Refs. [34,88] of the author’s publications. The obtained
vibrational surface modes are listed together with the LT values in Tab. 3.3. The
results presented in this thesis for z(xx)z̄ and z(xy)z̄ polarization are comparable
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Figure 3.11.: Surface Raman spectrum of Au-(5×2)/Si(111) at LT for (a) z(xu)z̄
polarization configuration and (b) for the polarization configurations
z(xx)z̄ and z(xy)z̄. The z(xu)z̄ spectrum is fitted with Voigt profiles
to identify its constituent peaks. The inset shows a higher-frequent
Raman mode recorded with the same parameters.

to the Raman spectra labeled with z(yy)z̄ and z(yx)z̄ in Ref. [34], respectively.
A major difference between the LT and both RT Raman measurements are that
many more peaks appear for LT. If the polarization properties of the modes are
initially neglected, all RT vibrational eigenmodes find its counterparts in the LT
spectra. The frequency values are in good agreement. The small discrepancies
result from the different sample temperatures and to some extent from the different
Raman setups with varying excitation wavelengths. Since at RT the peaks are
generally broader, this naturally explains the occurrence of some additional weak
peaks at LT, especially the ones located at edges of stronger peaks. Others might
be affected by highly temperature-dependent Raman response. By comparing the
Raman intensities in both polarization configurations, i.e., the surface phonon
symmetry, the discrepancies between the spectra at different temperatures are
larger. Except for one mode, the attributions to symmetry representations are not
concordant. A reason for this might be the fact that the samples have different
relative contributions of the three different possible domains and the RT spectra
additionally were recorded with different laser wavelengths.

The surface Raman spectra with parallel polarization configuration presented in
Ref. [34] show only Raman intensities if the polarization of the incident laser light is
perpendicular to the Au chains. In contrast, for parallel polarization configuration
whose polarization is also parallel to the chains there are no considerable Raman
signals found. This contradicts the simplistic picture of Au chains as dipole antennas.
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Table 3.3.: Vibrational peak frequencies (in cm−1) of the Au-(5×2)/Si(111) recon-
struction. The unpolarized SRS results for LT are presented in Fig. 3.11
of this thesis. The other SRS data (Col. 3 – 5) for RT are adapted from
Ref. [34] together with the polarization symmetry and from Ref. [88],
both of the author’s publications. The results of the DFT calculations
for the KK model are listed for comparison (see text and also Ref. [34]).

SRS DFT
z(xu)z̄ Sym. Sym. z(xu)z̄ Sym.

LT RT RT KK
29 A′′

48.2 A′, A′′ 51 A′, A′′ 51 48 A′, A′′

55.1 A′, A′′ 55 A′

60.4 A′′ 61 A′ 61
69.0 A′′ 69 A′

76.2 A′′ 75 A′′

81.0 A′, A′′ 81 A′

89.6 A′′ 88 A′′

102.0 A′ 106 A′′ 104 98 A′

115.1 A′ 115 A′

129.0 A′ 124 130 A′

150.1 A′

165.3 A′, A′′ 168
180.2 A′, A′′

185.4 A′′

335.8 A′, A′′ 333

In general, ideal dipole antennas interact only with electromagnetic waves that are
polarized parallel to their orientation and also only emit light with this polarization.
Such a behavior was found by IR spectroscopy on the Au-(5×2)/Si(111) surface,
where the transmittance decreases for polarization parallel to the Au chains [131].
Therefore, the Au chains cannot be considered as simple antennas with respect to
the Raman mechanism upon irradiation with visible light. Apart from the aim of
structural determination, the following theoretical calculations will also contribute
to solve this discrepancy by qualitative considerations.

Comparison with first-principles calculations for Au-(5×2)/Si(111)
Theoretical calculations are necessary to decide whether the SRS data suits better
with the EBH or KK model [34]. The calculations were performed within the
DFT. To evaluate Eq. (2.12), the PBE formulation of the GGA was used. A
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(4 × 12 × 1) k-point mesh and a plane-wave cutoff energy of 500 eV were applied.
Each calculated mode was artificially broadened with a Lorentzian function with
a FWHM of 5 cm−1. This eases the comparison of the calculated Raman spectra
with the measured ones.

However, the comparison of experimental with theoretical results requires caution.
For instance, the correct excitation energy needs to be chosen as well as band gap
corrections of the DFT calculations are necessary. To allow for the underestimated
band gap in Si, the electronic transition energy eigenvalues need to be shifted
by 0.5 eV to higher energies. Technically, the experimental Raman spectra are
compared to theoretical spectra calculated for exciting photons with an energy of
0.5 eV less [150]. Hence, for an experimental excitation with photons of 2.54 eV
(∼=488 nm) the calculated spectra for 2 eV are used [33]. Furthermore, quasiparticles
and excitonic effects were not considered in the calculations [34,150]. Another
important factor are defects that are undoubtedly present at the experimental
samples, but are usually not considered in calculations.

The calculated spectra discussed initially are adjusted to an excitation wavelength
of 660 nm as used for recording of the Raman spectra at RT in Ref. [34]. The
calculated Raman spectra are labeled according to the x and y direction that are
defined like the directions in the experiments. Here, the spectra for the polarization
configurations (xx), (yy), and (xy) are considered (cf. Eq. (2.22)). For the KK
model, the calculations reveal eigenmodes at 56, 63, 71, and 78 cm−1 for polarization
configuration (xx) that is perpendicular to the Au chains, i.e., A′ symmetry. All
modes are mainly localized at the Au atoms. For crossed polarizations and parallel
polarizations that are also parallel to the chains, no considerable Raman intensity
was found [34]. In contrast to the KK model, the calculated Raman spectra of
the EBH model show a much higher intensity for the polarization configuration
(yy), that is parallel to the Au chains, than the other polarizations. Because of
this, the RT Raman spectra are considered to support the KK model best. Yet,
for the crossed polarization configurations neither of both models agree well with
the measured spectra. The choice of the KK model is also in agreement with other
experimental results as mentioned above.

For a different excitation laser wavelength, only the mode intensities vary in the
calculations. The eigenfrequencies of the modes do not change. Therefore, the LT
Raman spectra must be compared to calculated spectra for an effective excitation
wavelength of 488 nm. The calculated Raman spectra for both models are shown in
Fig. 3.12. By comparison of the calculated spectra for the KK model with the ones
for a different wavelength in Ref. [34], one finds the intensity ratios between the
polarization configurations essentially preserved. Instead, the ratios for the EBH
model for (xx) and (yy) become comparable, while the spectra for (yy) prevail in
Ref. [34].

In Fig. 3.12, the experimental LT Raman spectra are additionally included for
comparison. The data can only be compared in the range 40 – 160 cm−1. Therefore,
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Figure 3.12.: Comparison of the calculated Raman scattering efficiency and the
z(xx)z̄ and z(xy)z̄ surface Raman spectrum of Au-(5×2)/Si(111) at
LT. The results for the structural models KK and EBH are depicted for
polarization configurations (xx), (xy), and (yy). Calculation results
are kindly provided by S. Sanna (cf. Ref. [34]).

the group of peaks above ≈140 cm−1 is not fully covered by the calculations. In the
theoretical KK spectrum, a small hump at 48 cm−1 appears in the (xx) spectrum
and a bit lower in the (xy) spectrum. A corresponding peak is observed in the
experimental z(xx)z̄ spectrum at 48.2 cm−1 and it seems that its associated peak
in z(xy)z̄ is also slightly shifted to lower frequencies. A more intense feature at
55 cm−1 can also easily attributed to an experimental peak at 55.1 cm−1, but the
intensities and polarization do not agree well. The next peak that finds a close
counterpart is located at 75 cm−1 in the (xy) spectrum. Moreover, the polarization
configuration is identical with the experimental Raman peak at 76.2 cm−1. The
frequency value of the calculated mode at 81 cm−1 is conform with an experimental
Raman features at 81.0 cm−1. A very small hump at 88 cm−1 in the (xy) spectrum,
but still more intense than in parallel polarizations, is identified with the measured
peak at 89.6 cm−1 with the same symmetry configuration. In the spectral region
90 – 120 cm−1, two peaks in (xx) polarization configuration at 98 and 115 cm−1 are
attributed to the two prominent measured Raman peaks at similar frequencies
(102.0 and 115.1 cm−1). However, the calculated spectra suggest more intensity in
the (xy) configuration in that spectral range, which is not observed experimentally.
The intense peak located at 130 cm−1 finds its counterpart in the much weaker
measured peak at 129.0 cm−1. The following cascade of calculated modes is not
observed, but there is an adjacent feature (experimentally observed at ≈135 cm−1

in z(xx)z̄) that is eligible even it is almost below the noise level. Now turning
to the EBH model, the intense peaks in the (xx) spectrum appear in regions
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Figure 3.13.: Displacement patterns for the KK model of the Au-(5×2)/Si(111)
surface system. Depicted are the most dominant phonon modes with
frequencies of 56, 63, 71, and 78 cm−1. Arrows with single heads
indicate rigid translations, while arrows with double heads picture
dimerization motions. Adapted from Ref. [34].

where predominantly Raman intensity in crossed polarization or no polarization is
measured at all. Furthermore, the considerable intensity in the z(xy)z̄ spectrum is
not well described by the calculated scattering efficiency that almost vanishes in the
(xy) spectrum, beside the peak at ≈75 cm−1. Apart from this, the frequencies of the
experimental Raman peaks at 48.2, 76.2, and 89.6 cm−1 find calculated equivalents
that agree quite well. A drawback is, though, that the polarization configurations
do not match. This detailed comparison leads to the conclusion that the KK model
describes the SRS data overall better, even if there are some discrepancies. This
result is also found for the RT Raman data. The relevant described modes of the
KK model are included in Tab. 3.3 for comparison. The (yy) spectra of both models
are shown for completeness, but cannot be compared to the LT SRS data.

Despite the many similarities, there are discrepancies between the calculations and
the experiments that might have several reasons. The Si adatoms are neglected in
the theoretical calculations of the EBH structural model which certainly influences
the Raman spectra to some degree. This also holds for the KK model. Since the
samples usually host more than one domain, especially the experimentally observed
polarization properties of the Raman peaks might be altered. Moreover, multiple
domains induce domain boundaries which enable the emergence of new surface
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phonon modes. Unlike in STM measurements for instance, due to the relatively
large laser spot in SRS no defect-free single domain area of the sample is selectable.
The Raman spectra are therefore averages over a sample area with many variations.
Additionally, there are the fundamental issues in the calculations that are already
mentioned. Furthermore, on the basis of the theoretical results and the LT spectra,
a phase transition seems unlikely, which is in accordance with literature.

Another outcome of the calculations are the eigenvectors of the vibrational modes.
The corresponding displacement patterns of the vibrational eigenmodes are obtained
within the frozen-phonon approach [34]. They are depicted for the preferred KK
model in Fig. 3.13. The mode eigenvectors are independent of the excitation
wavelength and reflect the mode symmetry. All illustrated modes are mainly
localized at the Au atoms. For the modes with frequencies 56 and 78 cm−1, the
orientation of the displacement patterns of the Au atoms are primarily perpendicular
to the Au chain direction. The displacement vectors for the first mode are oriented
normal to the surface plane, while they are oriented in the surface plane for the
latter mode. The other modes at 63 and 71 cm−1 exhibit perpendicular as well as
in-plane displacements.

3.3.4. Raman spectroscopy results for Au-(
√

3 ×
√

3)/Si(111)
The Au-(

√
3×

√
3)/Si(111) reconstruction is different in many respects from the so far

discussed Au-(5×2)/Si(111) surface. Instead of chain-like structures, the Au adatoms
on the surface generate a 2D pattern that exhibits a SUC with a (

√
3 ×

√
3)R30◦

periodicity. For the Au-(
√

3×
√

3)/Si(111) reconstruction, several structural models
were considered to explain the experimental results [139]. Chester and Gustafsson
proposed a model based on results from medium-energy ion scattering (MEIS) and
Monte Carlo simulations [134,135]. It is labeled as twisted-trimer (TT) model,
because three Au atoms form a trimer on the surface. Another model suggested
by Ding et al. is referred to as conjugate honeycomb-chained-trimer (CHCT)
model [136]. The structure, which is similar to the TT model, was derived from
DFT calculations within the LDA. In combination with ARPES measurements,
Zhang et al. developed the honeycomb-chained-trimer (HCT) model [137]. This
model also has Au trimers, but they are connected to each other. The TT, CHCT,
and HCT models all have a Au coverage of 1.0 ML. The main difference between
these models is the orientation and size of the Au trimers. As fourth model, the
H3-missing-top-layer (H3-MTL) model by Kadohira et al. has a lower coverage of
2
3 ML and was tested by first-principles calculations [138]. The atomic structure of
this model is much different since the Au adatoms on H3 positions form hexagonal
rings without a Au atom at the center. All these four models involve Si trimers
that are generated by Si atoms in the first layer. Due to its low Au coverage, the
H3-MTL model does not match with experimentally obtained coverages and is thus
dismissed, although it is a stable structure [33,138]. The HCT model is also rejected
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Figure 3.14.: Atomic surface structure models of the Au-(
√

3 ×
√

3)/Si(111) surface.
Depicted are the (a) TT and (b) CHCT model. In both figures, Au
atoms are colored in red and Si atoms are marked in blue. The mirror
planes of the CHCT model are marked. Structural data adapted from
Ref. [33].

since it is energetically located on a saddlepoint and therefore relaxes to the TT or
CHCT model [33,139].

Hence, the following analysis of the surface Raman spectra of the Au-(
√

3 ×√
3)/Si(111) reconstruction concentrates only on the TT and CHCT model. The

experimental vibrational eigenmodes of the reconstruction are compared to first-
principles calculations for both models to determine the most likely one [33].

Atomic surface structures and LEED pattern of Au-(
√

3 ×
√

3)/Si(111)
Both the TT and CHCT model have Au trimers whose Au atoms are located near
H3 positions. Both structural models are shown in Fig. 3.14. The Au atoms are on
equal heights and thus the trimers are planar atop the surface with no corrugation.
Like the Au atoms, Si atoms also form trimers in the top layer in both models. The
crucial difference between both models is that the Au and Si trimers are oriented
differently to the substrate and to each other. Thereby, the CHCT model has mirror
planes, while the TT model has none. Additionally, the trimers of both models
differ in size.

A typical LEED pattern of the Au-(
√

3×
√

3)/Si(111) surface is shown in Fig. 3.15.
The extra spots in the LEED pattern form a rhomb like the (1×1) spots. The ratio
between the sizes of the (

√
3 ×

√
3) and the (1×1) rhomb yields a factor of

√
3.

Furthermore, the shrinkage is combined with a rotation by 30◦. This justifies the
notation as (

√
3 ×

√
3)R30◦.
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Figure 3.15.: LEED pattern of the Au-(
√

3×
√

3)/Si(111) surface at RT. The LEED
pattern was recorded with an electron energy of 80 eV.

The LEED pattern of Au-(
√

3 ×
√

3)/Si(111) is clearly distinguishable from
the one of Au-(5×2)/Si(111) (see Fig. 3.10), enabling a clear discrimination of
the surface reconstruction. Thus, it allows the assessment of the purity of the
reconstruction and an unambiguous assignment of the Raman spectra.

Symmetry properties of Au-(
√

3 ×
√

3)/Si(111)
The TT and CHCT model are associated with different 2D space groups. Due to
the mirror planes, the CHCT structure belongs to p31m (corresponding to the 3D
point group C3v), while the TT structure obeys only symmetry operations of p3
(corresponding to C3). Dornisch et al. found by XRD that the Au-(

√
3×

√
3)/Si(111)

surface belongs to the p31m group and that the Au atoms lie on mirror planes [151].
The impact of the symmetry properties of the point groups C3v and C3 on

the Raman spectra is similar and therefore it is sufficient to consider the first
group. Note that the group C3v appeared already in context of the Si(111)-(7×7)
reconstruction. The point group C3v has two nondegenerate modes, labeled A1 and
A2, and a doubly degenerate mode, labeled E. Modes with A2 symmetry are silent
and thus are not optically observable. All other modes are Raman active. The
relevant Raman tensors for the experimental spectra are given by [17]:

R1
A1 =

(︄
a 0
0 b

)︄
, (3.3)

R1
E =

(︄
0 c
c 0

)︄
, (3.4)

R2
E =

(︄
−c 0
0 c

)︄
. (3.5)
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Figure 3.16.: Surface Raman spectra of the Au-(
√

3 ×
√

3)/Si(111) surface for
z(xu)z̄ polarization configuration for (a) RT and LT and (b) at higher
frequencies for LT. The modes at higher frequencies are fitted with
Voigt profiles.

With the help of these Raman tensors and Eq. (2.21), it is found that A1 modes
are only observable in polarization configuration z(xx)z̄. In contrast, E modes
appear simultaneously in z(xx)z̄ and z(xy)z̄ spectra due to the two Raman tensors.

Surface Raman spectra of Au-(
√

3 ×
√

3)/Si(111)
The surface Raman spectra of the Au-(

√
3 ×

√
3)/Si(111) reconstruction can be

divided into the low-frequency part below ≈200 cm−1 and isolated groups of modes
appearing at higher frequencies.

The unpolarized Raman spectra of the lower frequency part are shown in
Fig. 3.16(a) for RT and LT. The most prominent and dominant peak is observed at
72.9 cm−1 at RT and at 75.2 cm−1 at LT. The comparison of these two peaks as well
as the whole spectra at both temperatures reveals close correspondence. Therefore,
it is sufficient to describe the LT spectrum in the following. The peak at 75.2 cm−1

is accompanied by a low-frequency shoulder at 70.8 cm−1 and a further separated
peak at 65.7 cm−1. The mode located at 54.0 cm−1 is clearly resolved in the LT
spectrum, while it is much broader in the RT spectrum resulting in an apparent
unusual temperature shift. A characteristic structure is the group of three peaks
whose individual members are located at 109.3, 116.8, and 128.2 cm−1. Below and
above the group there are rather broad features that are hardly distinguishable.
Below, one peak is centered at 89.6 cm−1, while the spectra above consists of peaks
at 142.3, 154.8, and 168.7 cm−1. A clear difference between the LT and RT spectra
is a peak at 182.9 cm−1 in LT that is marked by a green arrow in Fig. 3.16(a). A
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Figure 3.17.: Surface Raman spectra of the Au-(
√

3 ×
√

3)/Si(111) reconstruction
fitted with Voigt profiles. Both polarization configurations z(xx)z̄ and
z(xy)z̄ are shown for LT.

counterpart for this LT peak is not found in the corresponding RT spectrum. Apart
from the last mode, the similarities of the Raman spectra give no reason to see
indications for a phase transition upon cooling from RT to LT.

Apart from the eigenmodes described above, there are two double groups of
modes at higher frequencies. In the unpolarized LT spectrum in Fig. 3.16(b), the
first prominent peak is observed at 222.1 cm−1 with a low-frequency shoulder at
218.6 cm−1. The existence of these peaks is evident in the surface Raman spectra
as it is further supported by RT Raman data. However, in the spectra with the
bulk contribution of the Si(111) substrate the peaks are hard to discriminate, since
they lie in the steep edge towards the 2TA(W ). The second group of peaks consists
of a broad peak at 401.2 cm−1 and a narrow one at 418.6 cm−1. This assembly is
also found in the RT Raman spectra.

Additional information about the peaks below ≈200 cm−1 is gained by the in-
spection of the polarized LT spectra in Fig. 3.17. All Raman peaks observed in
the polarized spectra find equivalents in the separately recorded LT spectrum in
Fig. 3.16(a). By comparison of the intensities of the z(xx)z̄ and z(xy)z̄ Raman
spectra, the prominent peak at 75.2 cm−1 can be labeled as E mode since it is
observed in both polarization configurations. All other modes in the spectra are E
modes, except the mode at 128.2 cm−1. This latter mode is more pronounced in
the z(xx)z̄ spectrum (in relation to the adjacent peaks of the triple group) than it
is in the z(xy)z̄ spectrum. Therefore, it is identified as mode with A1 symmetry.
The situation changes for the eigenmodes with higher frequencies. The majority
has A1 character, while only the mode at 222.1 cm−1 is E-like.

A further mode was observed at 25 cm−1 in a RT Raman spectrum recorded with
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Table 3.4.: Vibrational peak frequencies (in cm−1) of the Au-(
√

3 ×
√

3)/Si(111)
reconstruction. The unpolarized SRS results are presented for RT
and LT together with the symmetry properties of the modes. The
additional SRS data (Col. 4) at RT are taken from Ref. [33] of the
author’s publications. The theoretical results according to DFT-GGA
calculations are tabulated for the CHCT and TT model [33]. For the
calculated modes the frequency (F), the normalized Raman scattering
efficiency (I), the mode symmetry (S), and the localization (L) are listed.
The latter is differentiated in modes localized at the Au adatom layer
(Au), the Si layer (Si), and in between (Mix.). Modes with vanishing
intensity or no surface localization are not shown.

SRS Theory
CHCT TT

RT LT Sym. RT F I S L F I S L
17 0.759 E Au 16 0.093 E Au

25 33 0.001 A Au 33 0.387 A Au
55.2 54.0 E 46 45 0.253 A Au 49 0.196 E Mix.
62.7 65.7 E 62 55 0.013 E Mix. 51 1.000 A Au
67.9 70.8 E 69 55 0.267 E Au
72.9 75.2 E 73 64 1.000 E Mix. 76 0.031 E Au
86.5 89.6 E 85 89 0.354 E Si 85 0.307 A Au
102.7 109.3 E 104 97 0.038 A Mix. 109 0.224 A Au
113.5 116.8 E 114 102 0.215 E Au
125.8 128.2 A1 125 127 0.063 A Au 151 0.065 E Si
136.7 142.3 E 141 153 0.013 A Mix. 157 0.002 A Mix.

154.8 E 170 160 0.127 A Si 159 0.016 A Si
165.1 168.7 E 165 0.114 E Mix. 162 0.012 A Mix.

182.9 E 198 0.620 A Mix. 198 0.073 A Mix.
200 0.133 E Mix.
205 0.037 E Si
209 0.040 E Mix.
209 0.095 A Mix.

217.1 218.6 A1 217 205 E Si
220.8 222.1 E 221 221 E Mix. 242 A
397.2 401.2 A1 397 400 A Si
414.4 418.6 A1 414 417 A Si 413 A
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3.3. Au-induced surface reconstructions on Si(111)

Table 3.5.: Formation energy (in eV/SUC) of the TT model of the Au-(
√

3 ×√
3)/Si(111) surface with respect to the CHCT model, which acts as

a reference. The values are calculated with LDA and GGA, in each
case for two different lattice constants. Equilibrium lattice constants
are labeled by (eq) and experimental lattice constants are denoted as
(exp). Data adapted from Ref. [33].
Structural model LDA(eq) GGA(eq) LDA(exp) GGA(exp)

TT unstable 0.085 unstable 0.022
CHCT ≡0 ≡0 ≡0 ≡0

a different Raman setup as described in Ref. [33] of the author’s publications. A
determination of the polarization configuration of this mode was not possible. All
modes described so far are tabulated together with their polarization properties in
Tab. 3.4.

In Ref. [88] of the author’s publications, additional SRS data of the Au-(
√

3 ×√
3)/Si(111) surface that were recorded with a separate setup are shown for RT.

There, the presented spectrum below about 200 cm−1 is quite similar to the one
in Fig. 3.16(a). However, the modes at higher frequencies (397 and 414 cm−1) in
Fig. 3.16(b) were not observed in Ref. [88]. As pointed out there, this is due to
the surface orientation of the used substrates. This point is picked up again in
Sec. 3.3.5.

Comparison with first-principles calculations for Au-(
√

3 ×
√

3)/Si(111)
On the basis of a comparison of the SRS data and theoretical calculations, a
favored structural model can be chosen. For this reason, the Raman spectra for
both models (TT and CHCT model) were obtained by ab initio DFT calculations
[33]. To estimate possible deviations of the DFT calculations, they were performed
for the XC functionals LDA and GGA (in the PBE formulation) as well as for
equilibrium and experimental lattice constants. A (12 × 12 × 1) k-point mesh and
a plane-wave cutoff energy of 500 eV were used. As can be seen in Tab. 3.5, the
CHCT structure is the most stable one for both XC functionals. In contrast, the TT
model has an elevated formation energy per SUC (85 and 22 meV for equilibrium
and experimental lattice constant, respectively), but is stable in the GGA. Within
the LDA, the TT model is not stable. Moreover, differences between the functionals
can be evaluated for each model. Between the DFT-LDA and DFT-GGA, the
vibrational mode frequencies deviate by several cm−1 in most cases. The maximum
of 9 cm−1 can be considered as the error of these calculations. In the following only
calculations for the experimental lattice constant are used.

The calculated vibrational mode frequencies for both structural models within the
DFT-GGA are included in Tab. 3.4. Together with the frequencies, the normalized
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Figure 3.18.: Comparison of the calculated Raman scattering efficiency and the
z(xx)z̄ surface Raman spectrum of Au-(

√
3 ×

√
3)/Si(111) at LT. The

results for the structural models CHCT and TT are depicted for
the polarization configuration (xx). Dashed lines show peaks that
are observed in the experimental Raman spectra, but have vanish-
ing intensities in the calculations. Calculation results adapted from
Ref. [33].

Raman scattering efficiency and the polarization properties are given for every
mode. Like from the experimental point of view, the polarization properties of the
modes are separated into A and E modes. Here, A modes preserve the rotational
symmetry, while E modes reduce the surface symmetry. The degeneracies of the
modes are equivalent to the group theoretical cases. Another key information of
the modes are their localizations which help to identify their origin. Modes whose
eigenvectors are localized by at least 75 % within the topmost three layers are
considered as surface phonons. In a second step the modes can be attributed mainly
to movements of the Au or Si atoms or to mixtures of both. After assignment of
calculated to measured peaks, the peaks in the calculated spectra are broadened
with Voigt profiles of the experimentally obtained FWHMs. The result can be
directly compared to the measured Raman spectra.

The calculated spectra for both models are shown in Fig. 3.18. For comparison,
the experimental z(xx)z̄ spectrum at LT is added. The experimental and calculated
spectra can be compared in the spectral range 45 – 200 cm−1. For the CHCT model,
the distinct experimental Raman peaks at 75.2 and 182.9 cm−1 are identified with
the most intense calculated modes at 64 and 198 cm−1, respectively. The first mode
is theoretically predicted to buckle the Au adlayer by elongation in [111] direction,
while the latter one is mainly due to a vertical breathing mode of the Si trimers
with only minor movement of the Au atoms. No correspondence to the shoulder of
the peak at 75.2 cm−1 is found in the calculations. Therefore, a possible scenario
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3.3. Au-induced surface reconstructions on Si(111)

-145 cm -1127 cm

Figure 3.19.: Displacement patterns of two modes of the Au-(
√

3 ×
√

3)/Si(111)
surface system for the CHCT model. The modes are of A type and have
the frequencies 45 and 127 cm−1. Arrows indicate rigid translations.
Adapted from Ref. [33].

might be the splitting of the main E mode at 75.2 cm−1 in the experimental spectra
due to structural aspects like additional adsorbates or domains boundaries. This is
supported by the fact that the shoulder has also E symmetry. At lower frequencies,
the first two calculated modes at 33 and 45 cm−1 are identified with peaks close
to that frequency in the RT spectrum in Ref. [33]. However, for the peaks at 45
and 55 cm−1 there are measured features that fit better if instead of intensities only
frequencies are considered. For all other calculated modes equivalents are found
in the measured spectra. These are the calculated phonon modes at 89, 97, 102,
127, 153, 160, and 165 cm−1. Also the polarization configurations are conform in
many cases. At higher frequencies, there are modes found that are mainly located
at the Si layers. All peaks find their counterparts and the discrepancies between the
frequencies are quite small. Instead, the calculated spectra of the TT model do not
match with the SRS data as good as the ones of the previous model. In the spectral
ranges 109 – 151 cm−1 as well as 209 – 242 cm−1, no Raman scattering efficiency was
predicted, although it is observed experimentally. In turn, many vibrational modes
appear in the calculations in the spectral range 200 – 209 cm−1, but there is no
intensity observed in the SRS data. As a conclusion of this discussion, it is stated
that the CHCT structural model matches much better to the SRS measurements
than the TT model.

Discrepancies between the calculations and the measured Raman spectra might
have the same reasons as discussed in the case of Au-(5×2)/Si(111). For the
Au-(

√
3 ×

√
3)/Si(111) surface, STM measurements revealed domains walls [123],

which are also likely to be present here. The vibrational modes are prone to be
altered by these domain walls.

Another output of the calculations within the frozen-phonon method are the
eigenvectors of the modes. For two exemplary modes, the planar displacement
vectors are shown in Fig. 3.19 for the CHCT model. Both modes have A symmetry.
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3. Surface adsorbate systems

They are predominantly localized at the Au atoms, while the Si adatoms are not
affected by the Au atom motion. For the mode with 45 cm−1, a rigid torsion of the
Au trimers with respect to the substrate is predicted by the calculations. Instead,
the mode with a frequency of 128 cm−1 is a symmetric expansion of the Au trimer
and is accordingly labeled breathing mode. The vibrational pattern of the Au
adatoms of this mode can be also determined by applying Eq. (2.15).

3.3.5. Relationship of Au/Si(111) and Au/Si(hhk)
Apart from the coverage of Au on the substrate surface, another parameter that can
be varied is the orientation of the substrate. Thus, Si(111) can be substituted with
vicinal Si(hhk) substrates, i.e., like Si(553), Si(557), and Si(775). The surface planes
of the substrates with higher Miller indices are tilted with respect to the (111)
plane. In particular, the mentioned vicinal Si substrates are titled by approximately
8 – 13◦ in [112̄] or [1̄1̄2] direction [152]. This results in a surface with terraces with
(111) orientation, separated by steps. To evaluate the influence of the surface
orientation on the (5×2) and (

√
3 ×

√
3) reconstruction and their surface vibrations,

SRS results for MLs of Au on different substrate types were reported in Ref. [88].
The preparation conditions are similar to the ones of the Au/Si(111) surfaces.
A first result is that the surface reconstructions still appear as observed for the
Si(111) substrate. This is not too surprising because the substrates are just terraced
while keeping their short-scale (111) orientation. A useful advantage of the Au-
(5×2)/Si(hhk) surface is that there is macroscopic single-domain selection in contrast
to Au-(5×2)/Si(111).

The observed surface vibration modes for Au/Si(hhk) can be grouped into three
classes. The first class contains modes that involve the displacement of the Au
adatoms. Therefore, they are located at lower frequencies (below ≈130 cm−1). A
second class is related to vibrations of Si-Si configurations that are in the spectral
range centered around ≈150 cm−1 and up to ≈350 cm−1. Since these modes mimic
the 2TA phonon structure, they are thought to be acoustical phonons of the Si
substrate that are activated by the impact of the adlayers and the orientation of
the substrate. The third and last class includes modes at around 400 cm−1 that
are purely attributed to the vicinality of the substrate. These modes are located
at approximately 392 and 414 cm−1. They only appear for stepped substrates and
vary only by a few cm−1 for substrates with different (hhk) surface orientations.

However, for the Au-(
√

3 ×
√

3)/Si(111) surface (see Sec. 3.3.4) modes with very
similar frequencies like the ones of the third class are observed, i.e., at 397.2 and
414.4 cm−1 (at RT). This is puzzling at first glance, since the Si(111) substrates are
not intentionally miscut with respect to the (111) surface plane. A plausible reason
for that might be very slight deviations in the preparation conditions of the clean
Si substrates. Additional to miscut, it is known that steps on Si(111) substrate
can be also influenced by the annealing temperature and time, the heating current
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direction, and possible stress [153]. This even holds for substrates with miscuts
in the range of 1◦ which also show steps and were used for the preparation of the
Au-(

√
3 ×

√
3)/Si(111) reconstruction. Hence, the occurrence of vicinality-induced

modes for Au-(
√

3 ×
√

3)/Si(111) can be readily explained.

3.4. Sn-induced surface reconstructions on Ge(111)
and Si(111)

In a similar manner like Au on Si(111), small amounts of Sn deposited onto Ge(111)
and Si(111) substrates can reconstruct in dependence of the thermal treatment and
coverage in many different ways [154,155]. The phase diagrams for the systems
Sn/Ge(111) and Sn/Si(111) are shown in Fig. 3.20. The meaning of the temperatures
and coverages in the diagrams is the same as for Au/Si(111) in Fig. 3.8. For Sn
coverages below 0.1 ML, the reconstructions of the clean surfaces, i.e., c(2×8) for
Ge(111) and (7×7) for Si(111), are still observable. Of special interest are the
(
√

3 ×
√

3)R30◦ surface reconstructions, formed for a Sn coverage of θSn ≃ 1
3 ML

on both substrates (see Secs. 3.4.3, 3.4.4, and 3.4.5). Although the (
√

3 ×
√

3)
reconstruction of Sn/Ge(111) was considered to be metastable in Ref. [154], it is
included in Fig. 3.20(a) according to results of this thesis. The region for Sn/Si(111),
where the (

√
3×

√
3) reconstruction can be observed, is quite large. Yet, only surface

reconstructions with a coverage of 1
3 ML (marked by an arrow in Fig. 3.20(b)) are

examined here. The Sn/Ge(111) system forms for higher coverages (5×5) and (7×7)
reconstructions as well as mixed phases. For higher Sn coverages on Si(111) (θSn ≃
0.3 – 1.1 ML) and annealing temperatures below 450 K, the Sn-(2

√
3 × 2

√
3)/Si(111)

reconstruction is obtained (see Sec. 3.4.6). By further annealing, the (
√

3 ×
√

3)
reconstruction can be subsequently prepared based on the (2

√
3 × 2

√
3) surface.

Both substrates show for very high annealing temperatures the (1×1) reconstruction,
like also observed for Au/Si(111). In the case of Sn/Ge(111), there is a region in the
phase diagram around 0.2 ML where the (1×1) periodicity is observed irrespective
of the annealing temperature.

The main part of this section will be dedicated to the reconstruction of 1
3 ML Sn on

Ge(111) and Si(111) as well as its comparison. The atomic structure and the closely
connected relevant model for the description of the observed physical phenomena
will be explained before. The second part deals with the Sn-(2

√
3 × 2

√
3)/Si(111)

reconstruction and thin films of α-Sn.
Although both surface systems Sn/Ge(111) and Sn/Si(111) are isovalent and

have many similarities, their temperature behavior differs considerably. For the
Sn/Ge(111) surface, a reversible structural phase transition (SPT) was observed
experimentally upon cooling. The (

√
3 ×

√
3)R30◦ reconstruction transforms to the

(3×3) reconstruction at TSPT ≈ 210 – 220 K [156,157]. In contrast, the Sn/Si(111)
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Figure 3.20.: Phase diagrams of the surface adsorbate systems (a) Sn/Ge(111) and
(b) Sn/Si(111). With varying Sn coverages and annealing temperatures
different phases are obtained. Adsorbate reconstructions considered
here are marked by different colors. Data adapted from Refs. [154,155].

surface exhibits the (
√

3 ×
√

3)R30◦ reconstruction even when the sample is cooled.
Thus, a SPT does not occur [158].

For the explanation of the SPT of Sn/Ge(111), several models were proposed,
which include, e.g., the charge density wave model [156,159,160], defect-related
models [161,162], and the dynamical fluctuation (DF) model [163–166].

Apart from this discrepancy, further interesting effects were found for these
surface systems. For Sn/Si(111), a Mott transition was observed for T < 60 K
in scanning tunneling spectroscopy (STS) measurements [167]. When the sample
is cooled, the conductance declines for sample bias voltages equal to EF and an
energy gap of 40 meV opens. This behavior is remarkable, since the surface should
be metallic because it has an odd number of electrons per SUC and the transition
is not accompanied by a structural rearrangement. Also for Sn/Ge(111), a Mott
insulating ground state was observed for T < 30 K by Cortés et al. [168]. Moreover,
it is accompanied by a restoration of the (

√
3 ×

√
3)R30◦ reconstruction. Both

Mott transitions were also predicted in ab initio calculations for Sn/Ge(111) and
Si/Si(111) [169]. Yet, there were subsequent studies for Sn/Ge(111) that disagreed
with this experimental result [170–172]. More recently, Cortés et al. restated the
idea of an insulating (

√
3 ×

√
3) phase together with the existence of an additional

phase, labeled as charge ordered insulator (COI) phase [173]. This additional
intermediate phase has (3×3) periodicity and was reported to appear at T . 60 K
in coexistence with the metallic (3×3) phase and at lower temperatures together
with the (

√
3 ×

√
3) Mott phase. It will be part of a later discussion. Note that

the measurements presented in this thesis are conducted above this second claimed
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transition temperature of ≈30 K for Sn/Ge(111), but the onset of the COI phase is
in the accessible temperature interval.

With respect to surface magnetism, the three spins located at the adsorbed Sn
atoms in a triangular lattice generally cannot arrange antiparallel simultaneously,
which results in spin-liquid behavior. Despite this spin frustration, for the (

√
3×

√
3)

reconstruction of Sn/Si(111) it was shown in a combined study of theoretical
calculations and ARPES measurements that the spins are ordered in a row-wise
collinear antiferromagnetic alignment [174]. Through this ordering, an effective
surface periodicity of (2

√
3 × 2

√
3) is observed. This is also confirmed by a recent

study, which also finds (2
√

3 ×
√

3) domains that constitute to the (2
√

3 × 2
√

3)
symmetry [175]. Moreover, because of the observed small Rashba splitting, i.e.,
the splitting of spin-polarized parabolic electronic dispersions due to the surface
symmetry, the SOC is believed to be weak for Sn/Si(111). On the basis of this study,
the Mott transition is more likely ascribed to be driven by electronic correlations
than by ordering of electron spins [175].

Aside of Sn adatoms, with Pb there is another group-IV element that forms
regular reconstructions on Ge(111) and Si(111). For a coverage of 1

3 ML, Pb atoms
reconstruct on Ge(111) and Si(111) in a (

√
3 ×

√
3) periodicity at RT, but undergo

a reversible SPT to a (3×3) reconstruction upon cooling [176,177]. These systems
are similar to Sn/Ge(111) in many aspects. But there is another reconstruction
with (

√
3 ×

√
3) periodicity for a higher Pb coverage of 4

3 ML. This reconstruction
of Pb/Si(111) was investigated by E. Speiser et al. in a recent SRS study in
combination with ab initio calculations [178]. For the (

√
3 ×

√
3) reconstruction

two different atomic structures that differ only slightly were proposed [179]. Three
Pb atoms on T1 positions saturate Si DBs from the substrate, while an additional
Pb atom is located at the H3 or T4 position. These two structure models are only
separated by a formation energy of 0.01 eV per (1×1) SUC [179]. Moreover, the
calculated vibrational eigenfrequencies for both models are very close inhibiting
an assignment of the SRS data. Despite that, the SRS-derived vibration-mode
frequencies agree very well with calculations. Since Pb atoms are heavy, modes
that involve Pb vibrations all occur in the range below 95 cm−1. In general, these
modes can be divided into classes with different vibrational patterns and different
localizations.

SPTs in surface adsorbate systems, as mentioned above, are observable by SRS
as was demonstrated for instance for In nanowires on Si(111) substrate [180].
This system exhibits a transition from a (4×1) reconstruction at RT to an (8×2)
reconstruction upon cooling [181], which was attributed to CDW formation as well
as to other mechanisms [182]. In the temperature-dependent surface Raman data,
the spectra for the different phases can be clearly distinguished by their different
Raman peak signatures. The expected SPT for Sn/Ge(111) which is considered in
the context of the DF model will be the subject of the next section.
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Figure 3.21.: Depiction of (a) the atomic surface structure (top and side view) and
(b) the LEED pattern of Sn/Ge(111). The Sn atoms are colored in
green. The orange, red, and brown rhombs mark the (

√
3 ×

√
3),

(3×3), and (1×1) SUC, respectively. The LEED pattern was recorded
at RT and with an electron energy of 50 eV.

3.4.1. Dynamical fluctuation model and phase transitions
Before the DF model and its implications are discussed in detail, the underlying
atomic surface structures of Sn/Ge(111) and Sn/Si(111) are explained.

Atomic surface structure and LEED pattern of Sn/Ge(111) and Sn/Si(111)
The atomic structures for both Si(111) and Ge(111) with 1

3 ML Sn coverage are
very similar at RT [164]. A top view of the structure is shown in Fig. 3.21(a) for
Sn/Ge(111), but also applies for Sn/Si(111). Indeed, the atomic distances are
different as implied by the different substrates. On both substrates, the Sn atoms
occupy T4 positions [183,184].

This similarity between Sn/Ge(111) and Sn/Si(111) is also reflected in the LEED
pattern which exhibits analogous features. The LEED pattern shown in Fig. 3.21(b)
is that of Sn/Ge(111) at RT. The features of the LEED pattern are similar to those
of Au-(

√
3 ×

√
3)/Si(111) in Fig. 3.15.

However, the temperature behavior of both systems differs substantially when
the temperature is lowered from RT. An essential key for the understanding will
be the vertical height of the Sn atoms above the substrate. The Sn atoms are not
on equal heights and are thus not equivalent. This is indicated in the side view as
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depicted in the lower part of Fig. 3.21(a). Two possible SUCs are marked in the
top view of Fig. 3.21(a). The orange rhomb marks the (

√
3 ×

√
3)R30◦ SUC which

encloses one Sn atom per SUC for the hypothetical configuration of Sn atoms on
equal heights. In contrast, the (3×3) SUC, marked by the red rhomb, contains
three Sn atoms per SUC. The description of the height development is discussed in
the framework of the DF model.

Dynamical fluctuation model

If all Sn atoms are on the same height above the substrate, a (
√

3 ×
√

3) is formed.
But as observed in experiments (see, e.g., Ref. [185]), every third atom in [112̄]
direction protrudes the other two. This leads to the enlarged (3×3) SUC. The Sn
atoms are labeled as “up” (U) and “down” (D) atoms according to their vertical
height. The height difference was experimentally determined to be ∆h = 0.3 –
0.45 Å [185,186]. The resulting configuration is abbreviated by 1U2D. In principle,
a 2U1D configuration would also result in a (3×3) SUC, but was rejected by DFT
calculations [187].

At elevated temperatures like RT, the Sn atom in an up position exchanges its
vertical location randomly with one of the other Sn atoms in down positions. From
measurements of the time dependent tunneling current in STM, a time scale of
1 ms is reported for the exchanges at 220 K [166]. This general assumption for the
behavior is supported by MD simulations, but a much shorter time scale of 1 ps
at 350 K was obtained [188]. Due to these random swaps, neighboring SUCs are
not in phase and therefore the formation of a long-range order is inhibited. The
considerations so far apply for both Sn/Ge(111) and Sn/Si(111) at RT [164,189].

This situation changes when the temperature of the sample is lowered. For
Sn/Ge(111), the frequency of interchanges between the positions decreases with
decreasing temperature [166]. The SUCs freeze into a static 1U2D configuration.
Initially, small patches grow into larger areas with a long-range 1U2D pattern.
This results in a coherent (3×3) reconstruction at LT. Hence, a reversible SPT
occurs: (

√
3 ×

√
3) ↔ (3×3). These considerations constitute the DF model. In

contrast, the Sn/Si(111) surface keeps its high-temperature behavior also at LT.
The different properties of both systems were predicted by Pérez et al. to be related
to vibrational characteristics, i.e., the existence of a soft phonon [164]. A soft
phonon is a vibrational mode whose frequency declines (possibly to zero) with
decreasing temperature at a certain k⃗ point in the BZ. Thus, it induces a certain
static periodicity. Sn/Ge(111) is assumed to exhibit a surface soft phonon, while
Sn/Si(111) has none. The underlying reason is found in the different hybridizations
between Sn adatoms and the substrate atoms which results in a greater electronic
energy gain by the phonon softening for the Ge substrate over the Si counterpart.
Further details of the surface phonons will be given below for each surface system.
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[1
1
1
]

Figure 3.22.: Schematic depiction of the vibrational patterns of the Sn atoms for
Sn/Ge(111) and Sn/Si(111). These eigenmodes are labeled as DF
modes. The mode in the upper row, where all displacement vectors
point vertically in phase, is of special interest here. Adapted from
Ref. [190].

Vibrational eigenmodes and symmetry considerations
Besides the dominant up-down configuration, the three Sn atoms vibrate in several
eigenmodes around their equilibrium positions. By restricting the movement to
vertical displacement, one assumes three different eigenmodes. In Fig. 3.22, three
possible displacement patterns are depicted [190]. These modes constitute an
orthogonal basis and were chosen to be presumably close to the exact phonon modes
of the system. Since these modes are closely entangled with the DF model, they
are accordingly referred to as DF modes. Note that the vibrational patterns can
also be applied to situations where one of the other Sn atoms is in an up position.
Apart from these prototypical modes, however, further vibrational modes including
also the substrate atoms and mixtures are expected.

The (3×3) reconstruction belongs to the 2D space group p3m1 which corresponds
to the 3D point group C3v. The (

√
3 ×

√
3) reconstruction, which would result

for equivalent Sn atoms, transforms according to the 2D space group p31m which
also corresponds to the 3D point group C3v [191]. Hence, irrespective of the actual
reconstruction the symmetry aspects and Raman selection rules are identical for
Sn/Ge(111) and Sn/Si(111). The applying selection rules were already discussed in
connection with the Au-(

√
3 ×

√
3)/Si(111) surface in Sec. 3.3.4, where it is stated

that there are two possible Raman-active modes with A1 and E symmetry for the
C3v group.

As argued within the DF model so far, even at RT the 1U2D configuration with
(3×3) character still exists locally. On the other hand, the LEED pattern shows a
(
√

3 ×
√

3) reconstruction. This apparent contradiction can be solved by regarding
the used experimental technique.
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Importance of used experimental technique
The observed reconstruction ((

√
3×

√
3) vs. (3×3)) of Sn/Ge(111) and Sn/Si(111) at

RT depends crucially on the used experimental technique. Methods like conventional
LEED and STM for instance, average their measurement data over the time duration
of observation. Therefore, the Sn atoms appear to be on equal heights after averaging,
resulting in an apparent (

√
3×

√
3) reconstruction. But there are other experimental

methods that take essentially snapshots of the sample and are therefore intrinsically
non-averaging. As an example may serve RS since the Raman process takes place
instantaneously (except for extremely resonant cases) [14]. In view of the Sn/Ge(111)
surface and its temperature evolution of the atomic configuration, one would expect
similar observations, i.e., similar surface Raman spectra, for RT and LT.

3.4.2. Preparation of Sn reconstructions on Ge(111) and
Si(111)

Onto the clean Ge(111)-c(2×8) and Si(111)-(7×7) surfaces, 1
3 ML of Sn is evaporated.

The absolute Sn amount varies slightly because of the different sizes of the UCs of
Ge(111) and Si(111).

In the case of Ge(111), the surface is annealed after deposition of the Sn atoms
at T = 560 K for t = 3 min. Similarly, the Si(111) surface is also annealed after
deposition at T = 970 K for t = 3 min. After annealing the samples are slowly
cooled to RT (see also Sec. F).

The LEED pattern is checked afterwards for both surface systems to ensure the
quality of the surface reconstruction.

If the amount of Sn deposited on Si(111) is further increased to ≈1.0 ML, the Sn-
(2

√
3×2

√
3)/Si(111) surface is formed. Technically, the (2

√
3×2

√
3) reconstruction

is obtained by deposition of additional Sn onto the already prepared reconstruction
with 1

3 ML. The annealing temperature is reduced to T = 770 K for t = 2 min
to achieve this reconstruction. This temperature is higher than the annealing
temperature suggested by the phase diagram in Fig. 3.20(b). The LEED pattern
changes correspondingly and is clearly distinguishable.

3.4.3. Raman spectroscopy results for Sn/Ge(111)
The Raman spectra of Sn/Ge(111) are presented in this section for frequencies
above ≈80 cm−1. The spectra for lower frequencies are discussed separately in
Sec. 3.4.5.

The surface Raman spectra for the polarization configurations z(xx)z̄ and z(xy)z̄
are shown in Fig. 3.23(a). As can be seen there, the spectra for RT and LT look
similar on first glance. The LT spectra show temperature-induced narrowing of
the line width and therefore finer features are resolved. For a further evaluation,
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Figure 3.23.: Surface Raman spectra of Sn/Ge(111) (a) at RT and LT for both
polarization configurations and (b) at LT for z(xx)z̄ configuration
with Voigt fits. In the spectral region from 250 cm−1 toward the LTO
phonon the Raman intensity is scaled down to enable the observation
of all peaks.

the spectra are fitted by Voigt profiles, as shown exemplarily in Fig. 3.23(b). A
narrow and distinct Raman peak is observed in the LT spectra for 104.9 cm−1

(102.6 cm−1 at RT). It clearly appears in both polarization configurations and is
therefore assigned as E-like mode. This peak is framed by groups of three peaks on
the low-frequency side (82.3, 89.6, and 96.6 cm−1) as well as on the high-frequency
side (113.4, 120.7, and 135.2 cm−1). Note that except for the first peak, which is
only observed in z(xx)z̄ configuration, all modes are present in both configurations.
In the spectral range above the bulk 2TA(X) feature of the Ge(111) substrate (at
≈163 cm−1, see Sec. 3.1), there are three groups of two peaks each. In the first group
at 188.8 and 194.7 cm−1 the peaks have different polarization behavior. The next
group at 219.9 and 223.6 cm−1 is clearly resolved as a double peak, especially in the
z(xy)z̄ spectrum. The last group, only clearly resolved in the LT spectra, is mainly
observed in the z(xx)z̄ spectrum at 241.1 and 246.1 cm−1. An associated peak with
the latter mode was not clearly resolved in the RT spectra. In the low-frequency
edge of the LTO phonon of the substrate, starting at ≈250 cm−1, several peaks at
257.0, 269.8, 276.3, and 285.2 cm−1 are observed. The two latter are very distinct
and exhibit E and A1 polarization, respectively. Their origin might be similar to
the one related to backfolding discussed for Ge(111)-c(2×8) in Sec. 3.2.3. However,
for the peak at 269.8 cm−1 in the LT spectrum no equivalent at RT was observed.
The peaks described so far are tabulated in Tab. 3.6.

Apart from the usual frequency shifts with temperature, no vast changes between
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the RT and LT spectra are observed. Therefore, no indications for a SPT occur in
the Raman spectra of Sn/Ge(111) above ≈80 cm−1.

3.4.4. Raman spectroscopy results for Sn/Si(111)
Like for Sn/Ge(111), the Raman spectra of Sn/Si(111) are shown in this section only
for frequencies above ≈130 cm−1. The spectra for lower frequencies are considered
separately in Sec. 3.4.5.

The surface Raman spectra of Sn/Si(111) are shown for both temperatures and
polarization configurations in Fig. 3.24(a). The first distinct peak is found in the
LT spectra at 185.5 cm−1 (183.5 cm−1 at RT). This peak appears in the z(xx)z̄
and z(xy)z̄ spectra as expected for E-like modes. Below, a broad shoulder-like
feature adjoins. It is centered at 169.9 cm−1 and vanishes almost completely in the
z(xy)z̄ spectra. The peak at 230.5 cm−1 is located at the edge of the bulk 2TA(L)
of the Si(111) substrate (see Sec. 3.1), but is clearly apparent in the difference
spectra. Above the step at ≈300 cm−1 induced by the bulk 2TA(X) of Si(111), the
next peak at 331.8 cm−1 is only observed in the z(xx)z̄ spectra. These polarization
properties (i.e., A1 symmetry) account also for the following two peaks at 385.5
and 416.4 cm−1, of which the first one is by far the most intense. The origin of
these peaks will be discussed later in combination with Au/Si(111). The peak at
450.5 cm−1 is located at the same frequency as the bulk 2TA(W ) of Si(111), but is
revealed in the difference spectra. Similar peaks, like the last one at 487.5 cm−1,
are observed at the low-frequency edge of the LTO phonon for Ge(111)-c(2×8) and
Sn/Ge(111) and likely share the same origin. All peaks are appended to Tab. 3.6.

Like for the previous surface system Sn/Ge(111), no indications for a SPT are
found in the spectral range above ≈130 cm−1.

The analysis of the surface Raman spectra is further extended to the temperature
dependence of some peaks. The dependence is shown for the eigenmodes at 185.5,
331.8, and 385.5 cm−1 in Fig. 3.24(b). The temperature influence on both the
frequency and the FWHM of these peaks is considered and fitted to theoretical
models. The used model takes anharmonic effects into account and predicts a
temperature dependence of the form [192]:

∆ (T ) = A
(︃

1 + 2
ex − 1

)︃
+B

(︄
1 + 3

ey − 1 + 3
(ey − 1)2

)︄
, (3.6)

where x = ~ω0
2kBT

and y = ~ω0
3kBT

. The first term on the right-hand side in Eq. (3.6) ac-
counts for three-phonon decay processes, while in the second term also contributions
of four-phonon decay processes are included. For the case of temperature-induced
frequency shifts, to the result of Eq. (3.6) the frequency ω0 for purely harmonic
vibrations has to be added to get the total Raman shift. For the FWHMs, Eq. (3.6)
can be directly applied. The resulting fits are included in Fig. 3.24(b). As expected,
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Figure 3.24.: Surface Raman spectra of Sn/Si(111) (a) at RT and LT for both
polarization configurations and (b) the temperature development of
the frequency values and FWHMs of several prominent peaks of
Sn/Si(111). For details of the model fits see text.

the fit shows that the coefficient A outnumbers B by several orders. This is due to
the fact that processes with three phonons are way more probable than processes
involving more phonons. For the peaks in the lower and upper panel in Fig. 3.24(b),
the fitted curves model the data quite well and satisfactorily. However, for the
middle panel the fit is less exact, but the tendencies are in agreement with theory.
This peak lies in the steep edge of the 2TA(X) of bulk Si(111) which partly obscures
the peak and impedes its evaluation. As an important result of these fits, one can
state that these surface phonons show a temperature dependence as expected also
for bulk phonons.

Before the discussion will focus on the low-frequency spectral region of Sn/Ge(111)
and Sn/Si(111), it is worth noting a remarkable similarity between both materials in
the Raman spectra above. At RT, both surface systems are believed to behave alike
and a direct comparison is therefore justified. By taking the frequency ratio of the
two distinct peaks at 183.5 cm−1 for Sn/Si(111) and at 102.6 cm−1 for Sn/Ge(111)
and compare it to the frequency ratio of the LTO phonon modes of bulk Si(111) and
bulk Ge(111), it matches quite well. The ratios differ only by ≈3 %. A conclusion
that can be drawn is that both vibrational modes have a similar origin and that
the Sn adatoms do not have a great impact on these modes. The assumption that
the displacement patterns of both eigenvibrations are related is also supported by
their equal polarization behavior.

74



3.4. Sn-induced surface reconstructions on Ge(111) and Si(111)

Table 3.6.: Vibrational peak frequencies (in cm−1) for the surface reconstructions of
Sn/Ge(111) (above ≈80 cm−1) and Sn/Si(111) (above ≈130 cm−1). For
both systems, the SRS results for RT and LT are presented for z(xx)z̄
polarization configuration together with the mode symmetries.

Sn/Ge(111) Sn/Si(111)
RT LT Sym. RT LT Sym.
82.1 82.3 A1 118.0 A1
88.3 89.6 E 165.6 169.9 A1
95.8 96.6 E 183.5 185.5 E
102.6 104.9 E 227.8 230.5 E
111.9 113.4 E 328.6 331.8 A1
119.2 120.7 E 382.9 385.5 A1
132.4 135.2 E 413.7 416.4 A1
184.8 188.8 A1 447.1 450.5 E
192.5 194.7 E 482.9 487.5 E
217.8 219.9 E
222.4 223.6 E
238.8 241.1 A1

246.1 A1
254.1 257.0 E

269.8 E
271.1 276.3 E
280.7 285.2 A1

3.4.5. Low-frequency modes of Sn/Ge(111) and Sn/Si(111)

So far, the shown Raman spectra of Sn/Ge(111) and Sn/Si(111) at higher frequencies
exhibit a variety of Sn-induced Raman response. Now, the emphasis will be on
the low-frequency surface Raman spectra of both surface systems. In this spectral
region, vibrational features that are closely related to the DF model are expected
(see Sec. 3.4.1). Moreover, the different temperature behavior, i.e., the occurrence
of a SPT or its absence, is also expected to be reflected in the Raman spectra.

Only for the low-frequency spectral range of Sn/Ge(111), there exist HAS mea-
surements that were fitted by a second-nearest-neighbor coupling model [188,193].
Additionally, there are DFT calculations in combination with a force constant
model [164]. For Sn/Si(111), only DFT data are available [164]. These results are
compared to the surface Raman spectra.
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Low-frequency modes of Sn/Ge(111)
The Raman spectra of Sn/Ge(111) show distinct peaks in the lower spectral range
as can be seen in Fig. 3.25(a). The spectra are shown for RT and LT as well as for
both polarization configurations. At RT, there is a sole peak at 55.6 cm−1 in the
z(xx)z̄ and z(xy)z̄ spectrum. This peak shifts only marginally to 55.8 cm−1 for LT.
It is associated with the DF mode depicted in the upper part of Fig. 3.22. All Sn
atoms move in phase and all displacement vectors are orientated orthogonally to the
surface [188,190]. However, this mode has small admixtures of other eigenmodes.
The measured Raman frequency for the DF mode is in good accordance with DFT
calculations in combination with a force constant model (65 cm−1 with an error
of 16 %) [164] and HAS experiments and its fitting to a second-nearest-neighbor
model (55 cm−1) [188]. The frequencies of the other two DF modes, that were used
to interpret the surface phonon dispersions obtained by HAS, could not be clearly
observed in SRS. Their location at 22 and 34 cm−1 is in an inaccessible spectral
range since it is too close to the laser line.

The insignificant shift of the DF mode of ≈0.2 cm−1 (≃0.4 %) to higher wavenum-
bers with decreasing temperature is in the range of the spectral peak position
accuracy (cf. vertical line in Fig. 3.25(a)). As can be seen from Fig. 3.24(b), the
usual temperature induced shift accounts to several cm−1. Therefore, the small
shift of the DF mode is a strong hint that the mode is mainly of harmonic character.
Theoretically, a harmonic mode is not influenced by temperature (see Sec. 2.1). This
is well in line with calculations that predict this mode to be a harmonic oscillator
that is only weakly coupled [188,190]. The HAS data also suggest that temperature
has only a small impact on the frequency [188], but a distinct determination is not
as exact as from the SRS data. Furthermore, this mode is apparently almost not
affected by the response of the substrate material to thermal changes. In contrast
to the frequency shift, the FWHM decreases by ≈0.7 cm−1 (≃19 %) from RT to LT.
This decrease is in the same range as observed for the LTO phonon of Ge(111).

The most important temperature induced change in Fig. 3.25(a) is the appearance
of a shoulder on the low-frequency side of the DF mode. The center of the shoulder
is located at 49.6 cm−1 at LT. This is a strong indication for a SPT.

The SPT in the DF model relates the (
√

3 ×
√

3) and (3×3) reconstructions. The
corresponding SBZs are depicted in Fig. 3.26(a). According to calculations, this
transition is mediated by a soft phonon [164], whose frequency declines to zero at
the K̄ point of the (

√
3×

√
3) SBZ (k = 0.6 Å−1 in [112̄] direction). This is depicted

in Fig. 3.26(b) as well as its renormalized to a nonzero value at RT. This k⃗ point
then becomes the Γ̄′ point of the (3×3) reconstruction. The softening, however,
cannot be observed directly by SRS.

Therefore, the SPT is accompanied by a folding of the SBZ. This folding affects
all vibrational modes. Moreover, this includes modes that are not observed in the
RT Raman data so far, e.g., a RW that is observed in the HAS data [188]. The
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Figure 3.25.: Low-frequency surface Raman spectra of (a) Sn/Ge(111) at RT and
LT for both polarization configurations and (b) the temperature-
dependent evaluation of the RW shoulder (peak intensity and center)
appearing of LT. The fit functions are a power law and a linear fit,
respectively.

shrinkage of the SBZ due to the SPT results in the backfolding of this RW (cf. inset
of Fig. 2.1). The frequency of the backfolded RW at the Γ̄ point is determined to be
50 cm−1 by HAS. Therefore, the shoulder of the DF mode in the Raman spectrum
is explicitly attributed to the backfolded RW. A further backfolded RW branch at
≈70 cm−1 was predicted by HAS (and the subsequent fitting of the data) for both
temperatures. It is due to folding by in-plane and out-of-plane reciprocal vectors.
In the Raman spectra, no indications are observed in that certain spectral range,
which might be due to its weak Raman scattering efficiency. All SRS peaks as well
as the results of other methods are summarized in Tab. 3.7.

The investigation of the SPT is further extended by considering the temperature
dependence of the RW. The development of the RW intensity with temperature is
plotted in Fig. 3.25(b). The intensity decreases with increasing temperature until it
vanishes completely. The data points are fitted by a power law of the form [157]:

IRW ∝
(︃
TSPT − T

TSPT

)︃b

, (3.7)

where IRW is the intensity of the RW and b is a fitting parameter. The Raman
data suggest a phase transition temperature of TSPT ≈ 225 K. This matches very
well with the reported temperature of TSPT ≈ 220 K which was determined by HAS
in Ref. [157]. Interestingly, the center position of the RW shoulder also shifts with
temperature as can be observed in Fig. 3.25(b). But unlike the evaluated surface

77



3. Surface adsorbate systems

G

M'

K'

(3x3)(√3x√3)

M

K G'

M

[110]

[112]

(a)

ΚΓ Μ
0

1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0

L T

Su
rfa

ce
 ph

on
on

 di
sp

ers
ion

 (c
m-1 )

S B Z  ( [ 1 1 2 ]  d i r e c t i o n  f o r  ( √ 3 x √ 3 )  S U C )

R T

S n / G e ( 1 1 1 )
( b )

Figure 3.26.: Depictions of (a) the SBZs of the reconstructions (
√

3 ×
√

3) (red) and
(3×3) (black) for Sn/Ge(111) and (b) the surface phonon dispersions
of Sn/Ge(111) at LT and RT for the (

√
3 ×

√
3) SUC. Green dots

mark high symmetry points along both crystal axes. Points with blue
labels are shared by both reconstructions. Phonon dispersion data
adapted from Ref. [164].

phonons of Sn/Si(111) (see Fig. 3.24(b)), the center of the RW increases with
increasing temperature. This development is contrary to the usual temperature-
induced frequency shift. The approximation by a linear fit is quite satisfactory
over the whole temperature range. This further underscores the assumption of
temperature-induced backfolding as origin.

The developments of the RW intensity can be conclusively interpreted within the
DF model. For temperatures well above TSPT, the Sn atoms in both height positions
fluctuate randomly which inhibits a long-range order. When the temperature is
lowered below TSPT, the fluctuations start to freeze out resulting in adjacent (3×3)
SUCs with the same order of height positions, i.e., UDD-UDD-UDD. With further
decreasing temperature, the patches grow larger as shown schematically in Fig. 3.27.
The patches exhibit a longer coherence length, which gives rise to the backfolded
RW. Thus, the Raman measurements suggest the SPT to be of order-disorder type
and that it is a second-order transition. This is also reported in Refs. [157,188,194],
although phase transitions involving soft phonons are usually of displacive type
[188].

For temperatures below 60 K, the predicted COI phase appears in coexistence
with the so far discussed metallic (3×3) phase. While the latter forms a 1U2D
configuration, the Sn atoms in the SUC of the COI phase are all on different heights
above the substrate surface [173]. The Raman spectra are expected to reflect these

78



3.4. Sn-induced surface reconstructions on Ge(111) and Si(111)

(3x3)
SUC

T<TSPT

Figure 3.27.: Schematic depiction of the impact of the SPT on the Raman spectra
of the Sn/Ge(111) surface within the DF model. Blue patches indicate
coherently connected (3×3) SUCs, while red areas stand for randomly
distributed (3×3) SUCs. The temperature is below the transition
temperature TSPT, but well above LT.

structural changes, if the abundance of COI SUCs is assumed to be high enough
to be detectable. Since the COI phase has also a (3×3) pattern, the RW shoulder,
which appears due to periodicity-induced backfolding, should not be affected (cf.
Fig. 3.25(a)). However, if the Sn atoms at down positions are rearranged to different
heights, the DF mode should be indeed altered. A possible scenario would be a
splitting of the DF mode into a double peak, but a sole broadening is also imaginable.
An obscuring of an additional peak by the shoulder can be excluded since this peak
is assumed to appear in both polarization configurations as the DF mode. Yet,
in the existing Raman spectra in Fig. 3.25(a) no hints for the COI phase can be
observed. According to Ref. [173], the COI phase is connected with the vibrational
mode depicted at the bottom right of Fig. 3.22.

The temperature dependence of both the DF mode and the RW shoulder can
be directly observed in the Stokes Raman spectra in Fig. 3.28. At 200 K, the
shoulder has almost completely vanished. The frequency shift of the shoulder
with temperature is also apparent. Instead, the DF mode shows no changes
with temperature. The figure also shows the anti-Stokes spectra for the same
temperatures. The comparison of Stokes and anti-Stokes spectra has the comfortable
advantage of excluding artifacts as origin of spectral features. Note that these Raman
spectra are separately recorded from the spectra shown in Fig. 3.25(a). The DF
modes are observed on both sides of the laser line and they do not shift considerable
with temperature. The shoulder is also evident in the anti-Stokes spectra. At LT,
modes at low frequencies, like the DF mode, can be still populated in accordance
with the Bose-Einstein statistics (cf. Eqs. (2.9) and (2.10)). Nevertheless, the
vibrational modes in the anti-Stokes spectra are strongly attenuated with decreasing
temperature.

79



3. Surface adsorbate systems

- 7 0 - 6 0 - 5 0 - 4 0 4 0 5 0 6 0 7 0

S n / G e ( 1 1 1 )

1 3 0  K
Int

en
sity

 (a
.u.

)

R a m a n  s h i f t  ( c m - 1 )

L T

2 0 0  K

a n t i - S t o k e s

S t o k e s

z ( x x ) z

Figure 3.28.: Raman spectra of Sn/Ge(111) for z(xx)z̄ at LT as well as 130 and
200 K. The DF peak and the RW shoulder are observed on the Stokes
and anti-Stokes side. The spectra at 200 K are close to the transition
temperature TSPT.

Low-frequency modes of Sn/Si(111)
The Raman spectra of Sn/Si(111) show also clearly resolved peaks in the lower
spectral range as displayed in Fig. 3.29. The main peak is observed at 85.9 cm−1

at RT for both polarization configurations. At LT, the peak shifts considerably to
88.3 cm−1. It is attributed to the DF mode and is the counterpart of the DF mode
of Sn/Ge(111) with the same eigenvectors. The frequency is in good agreement with
DFT calculations in combination with a force constant model (81 cm−1 with an
error of 7 %) [164]. Note the unusual intensity decline with decreasing temperature.

Unlike Sn/Ge(111), the frequency of the DF mode is shifted by 2.4 cm−1 (≃2.7 %)
to higher wavenumbers when the sample is cooled from RT to LT. This value is in
the same range as other surface phonons (cf. Fig. 3.24(b)) and this temperature
shift can therefore be considered as usual. The Raman peak frequency and the
theoretical results are appended to Tab. 3.7.

The origin of the DF modes as Raman features can be directly verified in
Fig. 3.30(a) by comparison of the Stokes and anti-Stokes spectra. Therefore,
artifacts can be excluded. A peak found at 118.0 cm−1 in the spectrum with z(xx)z̄
polarization configuration in Fig. 3.29 and marked by an arrow is also observed
in the separately recorded Raman spectra in Fig. 3.30(a). The intensity of this
peak vanishes completely at LT. The peak is appended to Tab. 3.6. The Raman
structures in Fig. 3.30(a) are already observed in Figs. 3.24(a) and 3.29 for RT.

The appearing peaks in Fig. 3.30(a) may be explained with the aid of the surface
phonon dispersion of Sn/Si(111) displayed in Fig. 3.30(b). Together with the phonon
dispersion for the (

√
3×

√
3) SUC, the surface PDOS is plotted. The PDOS, deduced
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Figure 3.29.: Low-frequency surface Raman spectra of Sn/Si(111) at RT and LT for
both polarization configurations. Note the peak at ≈120 cm−1 marked
by an arrow.

from the phonon dispersion, exhibits three maxima due to the flat dispersion regions
at the high symmetry points. The maximum of the Γ̄ point of the SBZ is readily
attributed to the DF mode in the Raman spectra. The next two Raman peaks
can be associated with second-order processes. The first peak might be due to
contributions of the M̄ point which accounts to ≈100 cm−1. The discrepancy to the
measured frequency of 118.0 cm−1 might be explained by renormalization due to the
elevated temperatures, similarly to the case of Sn/Ge(111). The broad Raman peak
at 165.6 cm−1 is close to the double frequency value of the DF mode. Assuming the
measured frequency of the first-order DF mode at RT as exact, the second-order
peak is lower in frequency according to 2 · 85.9 cm−1 > 165.6 cm−1. This is not
surprising since the phonon dispersion curve declines when the Γ̄ point is departed
and the second-order Raman process is not confined to the Γ̄ point. Another hint
towards this assumption is that both peaks are predominantly observable in the
spectrum with z(xx)z̄ polarization configuration, which is typical for second-order
processes. The Raman peak at 183.5 cm−1 was already discussed thoroughly in
Sec. 3.4.4.

Comparison of Sn/Ge(111) and Sn/Si(111)
The presented Raman results of Sn/Ge(111) and Sn/Si(111) are very well described
within the DF model and thus constitute a strong experimental support for this
model. Finally, the investigation is extended here by a comparison of both systems.

The low-frequency spectra shown so far exhibit many similarities, but also some
differences. For a comprehensive overview all relevant data for the low-frequency
spectral range of Sn/Ge(111) and Sn/Si(111) are tabulated in Tab. 3.7.

A remarkable difference is that the DF mode in the Raman spectra of Sn/Ge(111)
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Figure 3.30.: Depiction of (a) the surface Raman spectra of Sn/Si(111) at RT for
z(xx)z̄ and z(xy)z̄ and (b) the surface phonon dispersion (blue) and
PDOS (red) of Sn/Si(111) for the (

√
3 ×

√
3) SUC. All Raman peaks

are observed on the Stokes and anti-Stokes side. Phonon dispersion
data adapted from Ref. [164].

does virtually not shift with temperature, while the DF mode of Sn/Si(111) under-
goes the usual temperature shift. Having the different LT behavior in mind, this
could be a good starting point for a further evaluation of the SPT in Sn/Ge(111).
The absence of anharmonic terms only for the DF mode in Sn/Ge(111) might be
due to electronic correlations.

In turn, a comparison of the frequencies of the DF modes at RT of Sn/Ge(111)
(ωSn/Ge(111) = 55.6 cm−1) and Sn/Si(111) (ωSn/Si(111) = 85.9 cm−1) reveals a close
connection. A consideration at RT is needed since both systems are proposed to
behave similar at high temperatures [164]. The shown Raman spectra indicate
that both DF modes are related and have similar eigenvectors [195], which can be
also evaluated qualitatively. In general, the vibrational frequencies are material-
dependent according to the formula [196]:

ω ∝ µ− 1
2d− 3

2 , (3.8)

where µ is the reduced mass of the involved elements and d is here the distance
between Sn atoms and the atoms in the first layer of the Ge and Si substrate.
The latter were reported to be dSn/Ge(111) = 2.760 Å and dSn/Si(111) = 2.573 Å as
experimentally determined [197]. Thus, a comparison of the following ratios is
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3.4. Sn-induced surface reconstructions on Ge(111) and Si(111)

Table 3.7.: Low-frequency peak frequencies (in cm−1) for the surface reconstructions
of Sn/Ge(111) and Sn/Si(111). The SRS results are presented for RT
and LT in polarization configuration z(xx)z̄ together with the mode
symmetries. The theoretical results of DFT calculations in combination
with a force constant model are given for both models [164]. For
Sn/Ge(111), HAS data are listed for RT and T = 145 K [188,193]. The
type of the modes according to HAS are labeled as backfolded RW and
DF.

SRS DFT HAS
RT LT Sym. RT T = 145 K Type

Sn/Ge(111)

22 DF
34 DF

49.6 A1 50 RW
55.6 55.8 E 65 55 55 DF

71 72 RW
Sn/Si(111) 85.9 88.3 E 81 DF

appropriate:

ωSn/Ge(111)

ωSn/Si(111)
= 0.647 (3.9)

compared to

(︄
µSn/Si(111)

µSn/Ge(111)

)︄ 1
2
(︄
dSn/Si(111)

dSn/Ge(111)

)︄ 3
2

= 0.639. (3.10)

Due to the striking resemblance of both numerical values a close similarity of the
modes is strongly suggested. This includes the displacement patterns of the modes
and is further supported by the identical polarization properties. This also justifies
the attribution of the upper DF mode in Fig. 3.22 to the low-frequency mode of
Sn/Si(111).

All three DF modes of Fig. 3.22 of both systems Sn/Ge(111) and Sn/Si(111)
conserve the symmetry properties of the point group C3v. This is usually associated
with A-like modes. However, the DF modes for both adsorbate surfaces appear
in both polarization configurations z(xx)z̄ and z(xy)z̄, which is typical for E-like
modes. This contradiction cannot be solved with the current knowledge of the
systems.
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3. Surface adsorbate systems

3.4.6. Sn-(2
√

3 × 2
√

3)/Si(111) and thin α-Sn films

With increasing coverage of Sn on Si(111) the (2
√

3×2
√

3) reconstruction is formed.
This reconstruction is a precursor to a thin film of α-Sn [198]. Bulk α-Sn as well
as films crystallize in the diamond structure, like Si and Ge (cf. Fig. 3.1). When
the Sn coverage is raised considerably beyond 1

3 ML, the Sn atoms tend to mimic
the bonding configuration of the diamond structure. This can be regarded as an
incomplete double layer of α-Sn(111) [198]. Thus, it is appropriate to consider these
systems together. Both Sn-(2

√
3 × 2

√
3)/Si(111) and α-Sn films are investigated

by SRS and compared to the previously discussed Sn reconstructions on Si(111)
and Ge(111).

Despite the differences in the lattice constants of α-Sn compared to Si and Ge,
thin film growth of α-Sn on Si(111) was reported [199]. To achieve this, it was
necessary to use the (

√
3 ×

√
3) or (2

√
3 × 2

√
3) reconstruction as a template. For

3.5 ML, the formed film exhibited a compressed diamond-like structure. The α-Sn
film considered in this thesis is much thicker and is grown on a substrate that
matches closely with the lattice constant of bulk α-Sn.

Raman spectroscopy results for Sn-(2
√

3 × 2
√

3)/Si(111)
An atomic structural model of the Sn-(2

√
3 × 2

√
3)/Si(111) reconstruction is shown

in Fig. 3.31(a). The model was initially proposed by Törnevik et al. [198] and was
supported by a recent study [200]. Its key feature is a double Sn layer resulting in
a Sn coverage of 14

12 ML. The double layer is indicated in Fig. 3.31(a) by different
colors: blue colored atoms belong to the lower layer, while orange and red colored
atoms belong to the upper layer. Yet, the atoms marked in red are 1.5 Å higher than
the orange ones. The Sn atoms of the upper dimer are located close to T4 positions,
while the ones of the lower dimer are located above H3 positions. Furthermore, the
Sn atoms in the upper layer are bound to the lower layer in a distorted tetrahedral
configuration, leaving each Sn atoms with one DB. Note that also the two atoms
on the short axis of the rhomb of the SUC have DBs [200].

The Sn-(2
√

3 × 2
√

3)/Si(111) surface has only a mirror plane symmetry and
therefore belongs to the Cs point group. The selection rules are similar as for
Au-(5×2)/Si(111), but with the mirror plane instead of a glide plane as the relevant
symmetry element. Therefore, for the Sn-(2

√
3 × 2

√
3)/Si(111) reconstruction

another space group, i.e., c1m1, applies [200,201].
The LEED pattern of the Sn-(2

√
3 × 2

√
3)/Si(111) reconstruction is shown in

Fig. 3.31(b). Between the (1×1) spots, distinct superstructure spots appear. Some
spots near the center are hidden by the electron gun. Note that the innermost red
marked spot is also observed for the (

√
3 ×

√
3) reconstruction. The (2

√
3 × 2

√
3)

SUC is also rotated by 30◦.
The surface Raman spectra of the Sn-(2

√
3 × 2

√
3)/Si(111) surface are shown for

both polarization configurations at LT in Fig. 3.32. Since the LT spectra are better
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3.4. Sn-induced surface reconstructions on Ge(111) and Si(111)
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Figure 3.31.: Depiction of (a) the atomic surface structure and (b) the LEED
pattern of the Sn-(2

√
3 × 2

√
3)/Si(111) surface reconstruction. Sn

atoms are colored in red and orange (upper layer) as well as in blue
(lower layer). The LEED pattern was recorded at RT and with an
electron energy of 81 eV. Structural data adapted from Ref. [202].

resolved than the ones at RT, the discussion is restricted to LT. The first peak is
centered at 60.3 cm−1 and is only clearly appearing in z(xx)z̄ polarization configu-
ration. The following distinct peak is observed in both polarization configurations
and has therefore a symmetry character of A′ and A′′. It is located at 73.3 cm−1.
All following peaks predominantly appear only in z(xx)z̄ configuration, although
there are small humps in the spectrum with crossed polarization. Two peaks are
located in a valley-like structure at 82.3 and 91.1 cm−1. There are further peaks at
108.8, 119.7, 134.9, and 169.0 cm−1. No additional Raman peaks are observed above
≈180 cm−1. The Raman peak frequencies are summarized in Tab. 3.8. The spectra
show a considerable increase of intensity close to the laser line which is attributed
to strong diffuse stray laser light. Since for the Sn-(

√
3 ×

√
3)/Si(111) surface the

diffuse light is much less intense, it is very likely that the buckling, i.e., roughness,
of the (2

√
3 × 2

√
3) reconstruction is responsible for the increase. Nonetheless, the

distinct Raman peaks are not obscured by this background intensity.
The details of the atomic structure, especially the number of Sn adatoms in a

SUC, are still under discussion. This is mainly due to the fact, that the upper Sn
layer prevents an observation of the lower Sn layer, for instance by STM [200]. If
the presented SRS data of the Sn-(2

√
3×2

√
3)/Si(111) reconstruction are compared

to future calculations of the Raman intensity of this structure, further insights into
structural details may be obtained.

The Sn-(2
√

3 × 2
√

3)/Si(111) reconstruction can be clearly distinguished by SRS
from other Sn-induced reconstructions on Si(111), i.e., the (

√
3×

√
3) reconstruction.

As illustrative example may serve the peak at 185.5 cm−1 of Sn-(
√

3 ×
√

3)/Si(111)
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Figure 3.32.: Surface Raman spectra of the Sn-(2
√

3 × 2
√

3)/Si(111) reconstruction.
Both polarization configurations are shown for LT. The increasing
intensity towards the laser line is due to diffuse stray light.

(see Fig. 3.24(a)), which is clearly not observed in the Raman spectra of Sn-
(2

√
3 × 2

√
3)/Si(111) in Fig. 3.32. Apart from this very satisfying finding in respect

of distinguishability, the frequency of 185.5 cm−1 is close to the main phonon
frequency of 200.0 cm−1 (LO and TO phonon at T = 77 K) of a thin α-Sn film
(see below). Therefore, the disappearance of this (

√
3 ×

√
3)-related mode for the

(2
√

3×2
√

3) reconstruction is an astonishing discovery since the structural properties
of Sn-(2

√
3 × 2

√
3)/Si(111) are related to that of α-Sn. An explanation for this

might be found in the different surface symmetries and the concomitant symmetry
reduction. The point group C3v, which is equal for Sn-(

√
3 ×

√
3)/Si(111) and the

surface of α-Sn(111) (cf. Sec. 3.1), is reduced in the case of Sn-(2
√

3 × 2
√

3)/Si(111)
and only one mirror plane is applicable. When the eigenvector of the relevant mode
is incompatible with this symmetry reduction, the mode could therefore disappear
in the Raman spectrum of Sn-(2

√
3×2

√
3)/Si(111), even when the atomic structure

exhibits similar Sn configurations.

Raman spectroscopy results for thin α-Sn films
For comparison films of α-Sn(001), which are comparable to films with a (111)
crystal surface, are studied by SRS. Bulk Sn undergoes a phase transition from
metallic β-Sn (white tin) to semiconducting α-Sn (gray tin) below 286.4 K [203]. As
a zero gap semiconductor α-Sn is of potential interest for IR devices [199]. Apart
from the relationship to Sn adsorbate surface systems, the Raman spectra of the
α-Sn films exhibit some further interesting effects.

The studied α-Sn films are grown by molecular beam epitaxy (MBE) [204].
During the MBE process the different constituents are evaporated and impinge on
the substrate surface where they rearrange to the desired material. The growth
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3.4. Sn-induced surface reconstructions on Ge(111) and Si(111)

Table 3.8.: Vibrational peak frequencies (in cm−1) of the Sn-(2
√

3 × 2
√

3)/Si(111)
reconstruction. The SRS data are given for z(xx)z̄ polarization configu-
ration for LT. Additionally the symmetry is listed for each mode.

SRS
LT Sym.
60.3 A′

73.3 A′, A′′

82.3 A′

91.1 A′

108.8 A′

119.7 A′

134.9 A′

169.0 A′

can be tuned by varying growth parameters like the flux of the effusion cells and
the temperature of the substrate. The lattice constant of the substrate should
match the one of the deposited material. Therefore, a GaAs(001) substrate wafer is
overgrown with ZnTe and CdTe for lattice matching. This procedure is a promising
alternative for the usual application of InSb as a substrate for α-Sn. All these
substrate materials crystallize in zinc blende structure, which is closely related to
the diamond structure. Subsequently, a Sn film of 42 nm is grown on top of the
substrate. Finally, the sample is capped with amorphous Se (≈1 nm) for protection,
e.g., against oxidation. The sample was grown by S. Schreyeck. For the Raman
measurements, the laser power was lowered (≈40 mW for RT and ≈20 mW for 77 K)
to avoid uncontrolled heating in the region of the laser spot on the sample and
therefore a phase transition to β-Sn.

The Raman spectra of a thin α-Sn film are shown in Fig. 3.33 at RT and T =
77 K. The main peak of α-Sn is located at 200.0 cm−1 at 77 K and 196.9 cm−1 at
RT. These values agree very well with the one of 197.4 cm−1 reported for (001) films
in the same thickness range for RT [203]. The peak is almost completely absent
in z(xy)z̄ polarization configuration (see inset of Fig. 3.33), which is in line with
selection rules for (001) surfaces of crystals with diamond structure. Note that
the used axes in the Porto notation are adapted here for a (001) surface. For this
surface only the LO phonon is allowed. It may appear for the z(xx)z̄ polarization
configuration and is forbidden in the z(xy)z̄ spectrum [12]. The FWHM of the α-Sn
peak at 77 K is quite small with a value of 2.6 cm−1. For comparison, the FWHMs
of the LTO phonons of Ge(111) and Si(111) at LT are 3.2 and 2.7 cm−1, respectively.
These line widths are all determined by the same Raman setup and are therefore
directly comparable (cf. Sec. 3.1). The small FWHM of the α-Sn peak together
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Figure 3.33.: Raman spectra of a thin α-Sn film with a thickness of 42 nm. The
crystal axes for the polarization configurations are x = [110], y =
[11̄0], and z = [001]. The spectra are shown for RT and T = 77 K.
The inset zooms on the shoulder (green) of the LO phonon of α-Sn
which is due to isotopical disorder in natural Sn.

with the perfect compliance of the selection rules suggest a very good crystal quality
and a low defect density. Note that the Raman peak of the CdTe substrate layer is
still observed and originates only from the LO phonon [205]. The split TO phonon
is not observed due to selection rules. The intensity of the CdTe peak is only weak
since α-Sn has a high absorption coefficient [206] and vanishes completely at RT
due to the weak Raman scattering efficiency of CdTe [207]. At higher frequencies,
Raman peaks that are assigned to second-order processes are observed. Besides the
second-order peak of the LO phonon of CdTe, there is a feature that is identified
with the 2TO(L) phonon of α-Sn [206]. In the Raman spectra at both temperatures,
there are no hints of other phases of bulk Sn or other materials (e.g., amorphous Se,
SnSe, or SnO [208–210]). Especially, no indications are found for β-Sn which has
a TO phonon mode at ≈130 cm−1 in the here accessible spectral range [211,212].
The studied sample shows no phase transition to β-Sn at RT due to the stabilizing
effect of the substrate as was also observed in Ref. [203].

In general, phonons confined to very thin films or other nanostructures may show
frequency shifts to lower frequencies and broadening of the spectral line shape.
This impact was investigated for Si particles down to several nm in mean diameter
[213–215]. Transferred to the α-Sn films, it can be concluded that the films are thick
enough that the phonon properties are not substantially altered by confinement.

Remarkable is the pronounced shoulder on the low-frequency side as marked by
green shading in the inset in Fig. 3.33. It is also present in z(xy)z̄ polarization
configuration as small hump. Amorphous Sn as origin for the shoulder can be
excluded since the intense TO maximum of the PDOS is located at ≈186 cm−1
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3.5. Conclusion

and therefore below the shoulder [13]. As shown for amorphous Si, the Raman
spectrum of amorphous semiconductors resembles the PDOS and a peak at the TO
maximum would be expected for this reason [93]. However, an explanation for the
shoulder is found in isotopical disorder in the α-Sn film [216]. Natural Sn consists
of considerable parts of different stable Sn isotopes that are randomly mixed in the
crystal lattice. This breaks the translational invariance of the crystal. Therefore,
the momentum conservation like formulated in Eq. (2.4) does not apply strictly
[42]. Regions of the phonon dispersion which are more distant from the BZ center
can contribute and generate the shoulder in the Raman spectra. The polarization
configuration of the shoulder of α-Sn corresponds to the polarization behavior of a
shoulder measured for natural Ge due to the same effect [217].

3.5. Conclusion
The presented Raman spectra of Au/Si(111), Sn/Ge(111), and Sn/Si(111) show
clearly additionally emerging Raman peaks that can be attributed to surface
phonons. Moreover, the Raman data are capable of distinguishing between different
adatom reconstructions on the surface. The vibration-induced Raman signatures
can be therefore considered as individual fingerprints.

Additional information is acquired by recording polarization- and temperature-
dependent Raman spectra. Therefore, SRS allows the determination of mode
symmetries as well as the observation of temperature-dependent structural changes.
Through these phase transitions, insights in physical effects can be gained and a
transition temperature can be extrapolated. Furthermore, in combination with
first-principles calculations, on basis of the SRS data a differentiation between
several structural models for the surface reconstructions is feasible. Moreover,
experimentally observed vibrational modes can be attributed to specific frequencies,
eigenvectors, symmetries, and localization.

For all investigated adsorbate systems, in dependence of the used substrate, the
frequency ranges in which the surface vibrations are observed are almost identical.
In accordance with theoretical relations, the vibrational frequencies of the surface
vibration modes are below the LTO phonon frequencies of the semiconductor
substrates. This especially holds for the heavier adatoms Au and Sn, where the
Au-induced surface modes are in general located at lower frequencies than the
Sn-induces modes. Also for the clean surfaces, which are covered with adatoms of
the same atomic species, the mode frequencies decline due to the altered bonding
configuration of the surface atoms.

By comparison of the surface Raman spectra of the different surface adsorbate
systems, noticeable crosslinks can be established. There are Raman peaks that
appear to be universal in the sense that they are observed irrespective of the
adsorbate species and the actual reconstruction. The following examples suggest
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3. Surface adsorbate systems

that the surface region of the substrate might be the origin for these peaks. For the
Au-(

√
3×

√
3)/Si(111) reconstruction, the vibrational modes at 401.2 and 418.6 cm−1

are identified to be mainly located at the Si substrate surface region. Similar modes
are observed for the Sn-(

√
3 ×

√
3)/Si(111) reconstruction which are located at

385.5 and 416.4 cm−1. The accordance of the latter frequency values is astonishing,
while the former ones seem to be more influenced by the adsorbates. Moreover,
all peaks are observed in the same polarization configuration. In hindsight, this
also confirms the attribution of the modes of Au-(

√
3 ×

√
3)/Si(111) to the Si

atoms in the surface region. The occurrence of these modes is related to steps on
the surface substrate as shown for Au/Si(hhk). A further example is the mode
at 335.8 cm−1 of Au-(5×2)/Si(111), which was also observed for Au/Si(hhk). A
similar mode of Sn-(

√
3 ×

√
3)/Si(111) observed at 331.8 cm−1 matches quite well

and shares possibly the same origin. These relations between separately obtained
surface Raman spectra of different surface systems are extremely gratifying and
further proof SRS to be a reliable experimental method.

For all studied surfaces, it is important to note that, different from STM for
instance, no explicit selection of a spatial region on the surface is possible. Hence,
in the comparatively large Raman probing spot, domain walls, defects and other
changes in the periodicity influence the Raman spectra. This needs to be taken
into account for the interpretation of the spectra.
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4. Surface intermetallic systems
In this chapter, ultrathin intermetallic films on metal substrates are studied. In-
termetallic systems are compounds of two or more metals. In contrast to alloys,
intermetallic compounds do not adapt the crystal structure of their constituents
[218]. Here, alternatively Ce or La is used as one part of the binary compound
system and is deposited onto the Pt(111) substrate, which constitutes the other part.
The intermetallic compound systems Ce-Pt and La-Pt are then alloyed directly on
the surface of the substrate. The used terminology concerning intermetallics and
alloys follows Ref. [219].

The phase diagram of the Ce-Pt system shows a large variety of stable intermediate
phases [220]. One of these is the binary intermetallic compound CePt5 which is
of special interest here. The extension to thin films of Ce-Pt compounds on a
Pt(111) crystal was provided by Tang et al. [221]. These films crystallize in the
same structure as bulk CePt5 [222,223]. For the related La-Pt system, the phase
LaPt5 also exists [224] and thin films on Pt(111) show a similar structure like CePt5
[225,226].

Intermetallic systems that contain Ce atoms host 4f electrons, which are localized
at the Ce nuclei and keep their atom-like character. The 4f electrons of Ce are
enclosed by 5s and 5p electron shells [142]. Furthermore, the 4f electrons can
interact with conduction electrons leading to hybridization and to various new
physical phenomena, e.g., Kondo and heavy fermion physics [142]. To determinate
the influence of the 4f electrons, it is useful to investigate in parallel for comparison
a structurally similar material system without these electrons. Hence, it is reason-
able to substitute Ce (4f 1) with La (4f 0) and compare the intermetallic systems
CePt5/Pt(111) and LaPt5/Pt(111).

Important emerging phenomena that are expected for materials containing 4f
electrons are described in the next section. These physical effects are also related
to experimental and theoretical results observed for CePt5/Pt(111). As pointed out
in Ch. 2, RS is capable of analyzing vibrational excitations and more importantly
electronic excitations that may involve 4f electrons and their modification by the
CF. In contrast to INS, which is commonly used for the investigation of CF splitting
schemes of bulk materials, SRS can also cope with small sample volumina, i.e.,
thin films. However, until now only bulk samples were subject of electronic Raman
measurements on 4f electrons [227–230].

This work was realized in close cooperation with K. Fauth and M. Zinner from
Experimentelle Physik II of the Universität Würzburg. The investigation of
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CePt5/Pt(111) and LaPt5/Pt(111) by RS was also subject of the B.Sc. thesis
of R. Hölldobler which was prepared during the course of this work [231]. Most
parts of the results presented in this chapter are published in Refs. [232,233].

4.1. Kondo effect and heavy fermion physics
Following the considerations of correlated electron systems in Sec. 3.3.1, strong
correlations are also found for the intermetallic compounds that are in the focus of
this chapter. In addition to the conduction electrons, here are extra 4f electrons
involved which cause new physical effects [234,235].

For metals containing small amounts of magnetic impurities, e.g., the spin of
4f electrons, an increasing electrical resistance was observed upon cooling below
a certain temperature. This temperature behavior cannot be explained within
Matthiessen’s rule, which states a constant resistance for extrapolation to T → 0 K
[236]. Early observations of the resistivity development could not be explained nor
explicitly related to diluted magnetic impurities. Several decades later, a theoretical
model was proposed by Kondo that explained the reincrease of resistance and
related it to the magnetic impurities [237]. The phenomenon therefore is known
as Kondo effect. The conduction electrons interact with the localized magnetic
ions through spin-flip scattering (s-d exchange interaction) [142]. The Kondo
temperature TK determines a characteristic temperature below which this scattering
becomes relevant. However, the solution of Kondo has the main problem that the
resistivity diverges logarithmically for T → 0 K. For a more realistic description
it has to be considered that below TK, the conduction electrons can screen the
magnetic moments of impurities by forming a Kondo cloud with opposite spin. The
resulting singlet states have a binding energy of kBTK (in relation to the unscreened
magnetic state). For T → 0 K, the magnetic moments are therefore reduced to zero
by the so-called Kondo screening and the restistivity does not diverge [142].

When the density of the impurities increases, it is more appropriate to speak of a
Kondo lattice with impurities in each UC of a crystal [238]. For these lattices, the
screening Kondo clouds of the conduction electrons overlap enabling interimpurity
interactions [237]. Especially for Kondo lattices containing Ce atoms the 4f electrons
can become itinerant at low temperatures [142]. The impurity bands hybridize with
the conduction band electrons and form flat electron bands which are referred to as
heavy fermions. This also leads to the opening of an energy gap at EF [239,240].

A related effect found in systems with 4f electrons is the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction [236]. The spins of the localized 4f electrons
cannot couple directly because of the small overlap of their wave functions. However,
the 4f spins can be arranged in ferromagnetic or antiferromagnetic order due to
mediation by polarization of the spins of the conduction electrons. The magnetic
ordering by RKKY interaction competes with the paramagnetic state of a Kondo
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system [238].
For ultrathin CePt5 films in the material system CePt5/Pt(111), Kondo screening

was observed by x-ray absorption spectroscopy (XAS), x-ray linear dichroism (XLD),
and x-ray magnetic circular dichroism (XMCD) experiments [241,242]. Instead, no
Kondo interactions were reported for bulk CePt5 [243]. The Kondo temperature
of the CePt5/Pt(111) system varies with film thickness. As obtained by XAS
measurements, the Kondo temperature rises from TK ≈ 125 K for 1 UC to TK ≈
200 K for 4 UC [241]. The nominal film thickness tnom is specified here in multiples
of UCs in direction normal to the surface (1.0 UC ≈ 0.44 nm). From the XMCD
measurements, the temperature-dependent magnetic susceptibility can be deduced
which provides access to the magnetic moments of the 4f electrons. A model for
fitting the susceptibility depends on both the Kondo screening and the CF splitting
scheme [242,244]. Since it is difficult to estimate both contributions only by the
fits, an independent direct determination is recommendable. For the CF levels,
this requirement is met by SRS focusing on the electronic excitations. The CF
splittings, that are obtained by SRS, can be inserted into the model fits and also
compared with the already existing results of the fits.

4.2. Preparation of CePt5/Pt(111) and
LaPt5/Pt(111)

The CePt5/Pt(111) and LaPt5/Pt(111) samples are prepared under similar con-
ditions in the mobile preparation chamber. The samples were prepared by M.
Zinner.

The Pt(111) crystal is cleaned in situ by sputtering with Ar+ ions (E = 1 keV).
Afterwards, the whole crystal is heated from the back side with e-beam heating to
temperatures of 1170 K. This procedure is repeated until the LEED pattern shows
a sharp (1×1) reconstruction.

Subsequently, Ce or La is deposited onto the clean Pt(111) substrate. The amount
of Ce or La is adjusted to meet the required film thickness. The film is alloyed by
heating to T = 920 K for t = 5 – 10 min.

In a final step, the reconstruction is checked by LEED to ensure the quality of
the surface.

For subsequent preparation of samples with varying film thicknesses, the in-
termetallic films can be completely removed by sputtering. Afterwards, a new
preparation can be started.
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4.3. Identification of electronic excitations in
CePt5/Pt(111)

For a thorough interpretation of the Raman spectra of CePt5/Pt(111), the CF as
well as the vibrational properties of CePt5/Pt(111) must be known. Additionally,
for comparison LaPt5/Pt(111) is considered.

4.3.1. Crystal-field and vibrational properties
The CePt5/Pt(111) system is investigated for several thicknesses of the CePt5 films
on the Pt(111) substrate. The film thicknesses of CePt5/Pt(111) are in the range
1.0 – 18.0 UC. Accordingly, the LaPt5/Pt(111) system is examined for comparison
for similar film thicknesses in the range 2.5 – 12.0 UC. As basis for the following
considerations, the crystal structure is initially presented in the next part.

Atomic structure and LEED pattern
There are two types of UCs for CePt5 on Pt(111) substrate which both consist of
stacked atomic layers. For the bulk UC, as shown in the lower part of Fig. 4.1, the
hexagonal structure is generated by CePt2 layers alternating with Pt layers in the
kagome structure. The Ce atoms are thus embedded in an environment of Pt atoms,
which constitute the CF and also its symmetry. This atomic configuration is also
known as CaCu5 structure and belongs to the 3D point group D6h (corresponding
3D space group D1

6h) [245].
According to a LEED-IV study and theoretical predictions, the regular kagome

pattern of the Pt layers is altered at the topmost layer [246,247]. For the surface
UC, the kagome hole position of the first layer is filled with an additional Pt atom
as illustrated in the upper part of Fig. 4.1. The remaining layers in the UC are
unchanged. Therefore, the symmetry is reduced at the surface to the 3D point
group C6v (corresponding 3D space group C1

6v) compared to the bulk. The group
C6v results due to the lack of inversion symmetry for the surface UC. The relation
D6h = C6v ⊗ Ci applies, where Ci is the point group of inversions [68].

A typical LEED pattern for a CePt5/Pt(111) sample with a film thickness of
tnom = 16.0 UC is depicted in Fig. 4.2. The apparent (2×2) reconstruction is truly
squeezed and is thus labeled as compressed (2×2) [248]. Moreover, the LEED
pattern depends crucially on the film thickness. The shown reconstruction appears
for tnom > 10 UC and stays unchanged for thicker samples. Below, there are
thickness ranges where rotated (by 30◦) and non-rotated reconstructions and their
superpositions are observed. The surface lattice constant also evolves in parts to
higher and lower values with respect to the reconstruction of the thickest samples
[241,248].

Since LaPt5 is isostructural to CePt5, the description of atomic structure and
symmetry for CePt5/Pt(111) applies for LaPt5/Pt(111) as well [245]. This also holds
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C6v

D6h

Pt surface
layer

Bulk UC

Surface UC

[1
11

]

Figure 4.1.: Atomic structure of the CePt5 UC. A stack of two different UCs is
depicted together with the applying symmetry groups: the surface UC
and the bulk UC. The Ce atoms are marked in red. All other atoms
are Pt atoms. The surface is terminated by a Pt kagome layer with
filled holes.

for the vibration properties of LaPt5, e.g., number of eigenmodes and eigenvectors.
The LEED pattern of LaPt5/Pt(111) is similar to the one of CePt5/Pt(111), but
the above-mentioned thickness-dependent changes in the reconstruction appear
already for lower film thicknesses (private communication with M. Zinner).

Crystal-field splitting and excitations
The 4f electron of Ce has the principal quantum numbers n = 4, l = 3, and s = 1

2 .
The resulting state 2F of the 4f electron is energetically split into two degenerate
states through SOC (cf. Sec. 2.2). The state 2F 5

2
with J = 5

2 is the relevant ground
state. It is clearly separated from the higher state with J = 7

2 by ≈2100 cm−1 [249],
which is therefore omitted in the further discussion. Mixing of these states is not
expected.

The lower-lying electronic state with J = 5
2 is further split by the CF into three

twofold degenerate Kramers doublets with quantum numbersMJ = ±1
2 ,±

3
2 ,±

5
2 . For

the double point group D6h of the bulk, these Kramers doublets can be associated
with the irreducible representations Γ−

7 , Γ−
9 , and Γ−

8 , respectively [42,75]. The
resulting term diagram with included group theoretical indications is depicted in
Fig. 4.3. Note that the orbital shape (and symmetry) of the electronic wave function
combined with the spatial CF configuration (introduction of anisotropy) can have
different impacts on the energy levels. For a hexagonal CF like in CePt5, a mixing
of the pure doublets does not take place [244].

Transitions between the CF states of the 4f electron in the double point group
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Figure 4.2.: LEED pattern of the CePt5/Pt(111) intermetallic surface system ex-
hibiting a compressed (2×2) surface reconstruction. The LEED pattern
was recorded at RT and with an electron energy of 60 eV. The thickness
of the CePt5 film is tnom = 16.0 UC.

D6h observed in electronic Raman scattering obey quadrupole selection rules (see
Sec. 2.4). Since both the initial and final state belong to J = 5

2 , this yields ∆J = 0
in line with the selection rules. Furthermore, transitions with ∆MJ = 0 can be
neglected since they do not contribute to the frequency-shifted Raman signal. By
restriction to quadrupole transitions with ∆MJ = ±2 due to the used scattering
geometry, this yields the two possible transitions Γ−

7 ↔ Γ−
8 (±1

2 ↔ ±5
2) and

Γ−
7 ↔ Γ−

9 (±1
2 ↔ ∓3

2). The electron state MJ = ±1
2 is involved in both transitions.

A similar situation was also observed for CeCl3 [74].
As described in Sec. 2.4, the direct products for both electronic transitions can

be decomposed into irreducible representations:

Γ−
7 ⊗ Γ−

8 = Γ+
3 + Γ+

4 + Γ+
6 , (4.1)

Γ−
7 ⊗ Γ−

9 = Γ+
5 + Γ+

6 . (4.2)

Note the change of parity of the representations according to Eq. (2.17). Both
decompositions contain the irreducible representation Γ+

6 . According to the character
table for the point group D6h in Sec. B, this representation has the basis function
(x2 − y2, xy). All other representations are not of relevance since they are not
observable in the Raman experiments with the used scattering geometry. Hence,
both considered CF transitions cannot be distinguished by group theory only. As
will be discussed below, this problem can be circumvented by the aid of other
experimental methods.

The symmetry reduction at the surface does not change the electronic properties
of the 4f electrons considerably since C6v is a subgroup of D6h. There is a one-to-one
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2F

2F5/2

2F7/2

MJ=±3/2 (G-
9)

MJ=±5/2 (G-
8)

MJ=±1/2 (G-
7)

SOC

CF
splitting

Figure 4.3.: Energy level scheme of the 4f electron in CePt5/Pt(111) including
the SOC and CF splitting. For the Kramers doublets the irreducible
representations of the double group D6h are also indicated.

relation between the representations of both double groups: Γ−
7 → Γ7, Γ−

8 → Γ8,
and Γ−

9 → Γ9. Therefore, the electronic states at the surface are linked to the
irreducible representations Γ7, Γ9, and Γ8 of C6v. The states are still Kramers
doublets, but the superscript indicating the parity must be omitted due to the
missing inversion symmetry. The selection rules for transitions can be accordingly
adopted:

Γ7 ⊗ Γ8 = Γ3 + Γ4 + Γ6, (4.3)
Γ7 ⊗ Γ9 = Γ5 + Γ6. (4.4)

Both transitions also share in their resulting direct products the Γ6 represen-
tation, which has also the basis function (x2 − y2, xy) (see Sec. B). For the other
representations, the same considerations apply as in the case of D6h.

According to this analysis, the CFE peaks are predicted to appear in the Raman
spectra with z(xx)z̄ and z(xy)z̄ polarization configuration.

Vibrational eigenmodes
In analogy to the selection rules for electronic Raman scattering, the vibrational
properties of the system can also be considered by group theory. The bulk UC of
CePt5 has a total number of 18 vibrational modes of which 15 are optical modes. In
the bulk UC, the Ce atom occupies the Wyckoff position 1a. The Pt atoms occupy
2c and 3g positions localized in the CePt2 and Pt layers, respectively. With the aid
of group theory the total number of normal modes and the associated symmetry
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Table 4.1.: Vibrational modes and the linked Wyckoff positions for the point group
D6h of the bulk UC. Only the optical mode E2g is Raman active. This
table also contains the acoustic vibration modes A2u + E1u.

A2u B1g B1u B2u E1u E2g E2u

3g 1 1 1 2 1
2c 1 1 1 1
1a 1 1

properties of the vibrational patterns can be determinded (cf. Sec. 2.4). The results
for the group D6h are summarized in Tab. 4.1, where the acoustic modes A2u + E1u

must be subtracted to get the optical modes.
Of the listed irreducible representations in Tab. 4.1, only the mode E2g is Raman

active, as can be seen from the corresponding character table in Sec. B. The
fundamental result of this analysis is that in SRS only one mode with E2g symmetry
is observable for bulk CePt5.

The E2g mode has the basis function (x2 −y2, xy) (see Sec. B). The corresponding
Raman tensors can be obtained by the basis function as:

R1
E2g

=

⎛⎜⎝0 a 0
a 0 0
0 0 0

⎞⎟⎠ , (4.5)

R2
E2g

=

⎛⎜⎝b 0 0
0 −b 0
0 0 0

⎞⎟⎠ . (4.6)

The resulting Raman intensities can be determined by evaluating Eq. (2.21).
Thus, this vibrational mode is observable in both polarization configurations z(xx)z̄
and z(xy)z̄.

The situation changes for the topmost layers of CePt5/Pt(111). Due to the
symmetry reduction at the surface, the number of vibrational modes rises. The
occupied Wyckoff positions are also altered. The Ce atom is still on a 1a position,
while the Pt atoms are now on 2b and 3c Wyckoff positions. The additional Pt atom
in the topmost kagome layer also occupies a 1a position. The expected normal
modes for the UC with reduced symmetry are given in Tab. 4.2, where the acoustic
modes A1 + E1 must be subtracted to get the optical modes. The parity indices
are left out since the point group C6v possesses no inversion symmetry. Another
significant change is that more modes become Raman active. However, of the
Raman-active modes A1, E1, and E2, only the modes with A1 and E2 symmetry
can be observed in the used scattering geometry. The group theoretical analysis for
the surface UC predicts two A1 and two E2 modes.
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Table 4.2.: Vibrational modes and the linked Wyckoff positions for the point group
C6v of the surface UC. The optical modes A1, E1, and E2 are Raman
active. This table also contains the acoustic vibration modes A1 + E1.

A1 B1 B2 E1 E2

3c 1 1 1 2 1
2b 1 1 1 1
1a 1 1

The mode with A1 symmetry transforms according to the basis functions x2 + y2

and z2 (see Sec. B). The Raman tensor for the A1 mode is thus expressed as:

R1
A1 =

⎛⎜⎝a 0 0
0 a 0
0 0 b

⎞⎟⎠ . (4.7)

The A1 modes can only be observed in z(xx)z̄ polarization configuration. The
Raman tensors for the E2 modes are identical to the ones of E2g of the point group
D6h as given in Eqs. (4.5) and (4.6).

The group theoretical considerations regarding the vibrational modes of CePt5 also
apply for LaPt5. Apart from slight mass differences, similar vibrational properties
are therefore expected.

Relation of crystal-field and vibrational excitations
The considerations of the CF and vibrational excitations so far can be related to
each other using group theory. For the point group D6h, both the CF transitions in
Eqs. (4.1) and (4.2) as well as the vibrational E2g mode have the same basis function
(x2 − y2, xy). Hence, both features should be observed in the same polarization
configurations z(xx)z̄ and z(xy)z̄ of the Raman spectra. This holds also for the
counterparts of the point group C6v.

Thereby, it is possible to relate the relevant irreducible representations with
different notations and from different point groups according to:

Γ+
6 ↔ E2g ↔ Γ6 ↔ E2. (4.8)

The information so far provides a good basis for the following interpretation of
the Raman spectra of CePt5/Pt(111) and LaPt5/Pt(111).

4.3.2. Temperature dependence and comparison with
LaPt5/Pt(111)

The unpolarized Raman spectra of the CePt5/Pt(111) sample with tnom = 18.0 UC
are shown in Fig. 4.4(a) for RT and LT. The comparison of the RT and LT spectra
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Figure 4.4.: Raman spectra of (a) CePt5/Pt(111) (tnom = 18.0 UC) at RT and LT
as well as LaPt5/Pt(111) (tnom = 12.0 UC) at LT for reference and (b)
the polarized spectra of CePt5/Pt(111) (tnom = 18.0 UC) at LT. The
comparison of the Raman spectra in the left plot enables for CePt5 the
identification of the electronic Raman peaks CFE2 and CFE3 due to
CFEs of the 4f electrons.

shows similarities but also huge differences. At a first glance, no vast changes are
observed for the first three Raman peaks that appear in both spectra. They are
located at 103.0, 122.0, and 130.4 cm−1 (at LT) and labeled with VE1 to VE3,
respectively. The origin of these peaks is discussed later. In contrast, two further
peaks at 185.8 and 204.8 cm−1 are observed at LT, but vanish almost completely at
RT. Therefore, this second group of peaks seems to have a different origin than the
first one. The clear appearance of these two peaks only at LT is a explicit indication
for electronic excitations in Raman scattering (cf. Sec. 2.3.2). This assumption is
further underscored by comparison with the Raman spectrum of LaPt5/Pt(111)
at LT, which is appended to Fig. 4.4(a). Since La hosts no 4f electron, no CFE
peaks are expected. In accordance with that, in the approximate spectral region
180 – 200 cm−1 no Raman intensity is found for LaPt5/Pt(111). These two Raman
peaks of CePt5/Pt(111) are thus attributed to CFEs and marked by CFE2 and
CFE3 (motivation for the indexing will be provided further down).

In Fig. 4.4(b), additional Raman spectra for CePt5/Pt(111) are shown for both
polarization configurations z(xx)z̄ and z(xy)z̄. The unpolarized spectrum is identi-
cal with the LT Raman spectrum of Fig. 4.4(a). Focusing on the peaks CFE2 and
CFE3, it is apparent that both peaks have the same polarization properties and are
observed in both configurations. This can be assessed as an additional indication
for a similar origin since both CFE Raman peaks are assigned to E2g symmetry.
Besides, polarization properties of other peaks and their connection, that can be
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Figure 4.5.: Raman spectra of CePt5/Pt(111) (tnom = 3.5 UC) at RT and LT as
well as LaPt5/Pt(111) (tnom = 6.0 UC) for LT. The spectra are fitted
with Voigt profiles. The comparison of the Raman spectra enables the
identification of a further electronic Raman peak CFE1.

extracted from Fig. 4.4(b), will be part of the considerations below.
The labels CFE2 and CFE3 suggest that there is another peak whose origin is

a CFE. An appropriate Raman feature is observed for samples with the thinnest
CePt5 films. Therefore, the LT Raman spectrum for a CePt5/Pt(111) sample with
tnom = 3.5 UC is shown in Fig. 4.5. For comparison, the corresponding Raman
spectra for RT and for LaPt5/Pt(111) (tnom = 6.0 UC) are also depicted. To
illustrate the composition of the spectra, Voigt profiles are fitted to the data points.
The argumentation is the same as for the other CFE peaks. A Raman peak at
140.4 cm−1 in the LT spectrum, superimposed by the peaks VE2 and VE3, is nearly
absent at RT and not observed at all in the spectrum of LaPt5/Pt(111). This
Raman peak is labeled CFE1. The polarization properties of the CFE1 peak could
not extracted from the Raman spectra. At the left border of all shown plots, the
intensity increases which is integrated into the fits.

The unambiguous identification of the CFE peaks can be further extended by a
study of the thickness dependence. The series of LT Raman spectra of CePt5/Pt(111)
for several thicknesses as well as the bare Pt(111) substrate is accumulated in a
waterfall plot in Fig. 4.6(a). Initially, the comparison of the spectrum of Pt(111)
with the ones with CePt5 films on top reveals that the observed peaks undoubtedly
origin from the alloying of Pt with Ce. This is also true for the alloying with La.
Furthermore, the intensity development with increasing film thickness tnom can be
tracked. The development of the CFE peaks will be subject of Sec. 4.4. Instead,
the focus will be on the peaks VE1 to VE3 whose Raman intensity is dependent of
the film thickness. The Raman intensity development is individually specific for
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Figure 4.6.: Unpolarized Raman spectra of CePt5/Pt(111): (a) waterfall plot for
several thicknesses and the bare Pt(111) substrate for LT and (b) inten-
sity development of the peak intensities of VE1 to VE3 in dependence
of the nominal thickness tnom at RT. Lines are meant as guides to the
eyes. This development enables the identification of VE1 as the bulklike
E2g mode.

each vibrational peak as can be seen in Fig. 4.6(b) for RT. While the peaks VE2
and VE3 show nearly the same behavior, the peak VE1 gains much more spectral
weight when the thickness is increased. This suggests a division into two groups
with different origin. Since the amount of bulklike UCs contributing to the Raman
signal raises with film thickness, it is obvious to attribute the peak VE1 to the only
bulklike mode E2g in CePt5 (cf. Sec. 4.3.1). This assignment is further supported
by considering the polarization properties. According to Fig. 4.4(b), the peak VE1
is observed in both polarization configurations z(xx)z̄ and z(xy)z̄, which perfectly
matches with the group theoretical predictions for the E2g mode. Hence, the E2g

vibrational mode is clearly identified with VE1. The properties of the peaks VE2
and VE3 are further discussed in Sec. 4.5.

For the completion of the identification of the CFE peaks, group theoretical
arguments can be used again. As pointed out in Sec. 4.3.1, the CFE peaks and the
VE1 peak of the bulk have the same irreducible representation and thus the same
polarization properties. Both the strong peaks CFE2 and CFE3 as well as VE1 are
observed in z(xx)z̄ and z(xy)z̄ and therefore both belong to the same irreducible
representation (see Fig. 4.4(b)). Thereby, a consistent picture for the CFE peaks in
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Table 4.3.: Peak frequencies (in cm−1) of the vibrational modes and CFEs for
CePt5/Pt(111) and LaPt5/Pt(111) obtained by SRS. The film thick-
nesses tnom (in UC) are indicated for each frequency value. The corre-
sponding spectra are shown in Figs. 4.4(a) and 4.5.

CePt5/Pt(111) LaPt5/Pt(111)
RT LT tnom LT tnom

VE1 101.3 103.0 18.0 101.6 12.0
VE2 119.7 122.0 18.0 122.6 12.0
VE3 131.4 130.4 18.0 144.9 12.0

CFE1 140.4 3.5
CFE2 185.8 18.0
CFE3 204.8 18.0

the Raman spectra exists.
Hence, there are three peaks related to CFEs in CePt5/Pt(111): CFE1, CFE2,

and CFE3. Further properties of these peaks are discussed in Sec. 4.4. Consequently,
the other peaks (VE1, VE2, and VE3) are due to vibrational excitations and are
examined for CePt5/Pt(111) and LaPt5/Pt(111) in Sec. 4.5. The relevant peaks
of the Raman spectra shown so far are all compiled in Tab. 4.3. Apart from the
Raman peaks found so far for CePt5/Pt(111), no further spectral features were
found in the spectral range up to ≈1450 cm−1. This also applies for the higher
spectral range of LaPt5/Pt(111).

4.4. Properties of the crystal-field excitations in
CePt5/Pt(111)

The origin and properties of the CFE peaks of CePt5/Pt(111), which were identified
in the previous section, will be subject in the following.

So far, both possible CFE transitions ±1
2 ↔ ∓3

2 and ±1
2 ↔ ±5

2 can be attributed
to the three observed CFE Raman peaks. This question cannot be solved by SRS
alone and thus requires further information. With the help of XAS results, where
the energetic configuration of the involved CF states was reported [219,242], the
SRS data can be further evaluated. The Kramers doublets with MJ = ±1

2 and MJ

= ±3
2 are only separated by an energy of less than 8 cm−1, while the states with

MJ = ±5
2 have the highest energy. This is schematically indicated in Fig. 4.3. The

transition ±1
2 ↔ ∓3

2 can therefore be ruled out as origin for the CFE Raman peaks,
leaving only ±1

2 ↔ ±5
2 (Γ−

7 ↔ Γ−
8 ) as possible transition.

The examination of the development of the CFE peaks with the film thickness
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Figure 4.7.: Depiction of (a) the development of the spectral weight of the CFE
peaks with tnom in CePt5/Pt(111) at LT and (b) schematic illustration
of the attribution of the observed CFE peaks to their regions of origin
for a CePt5/Pt(111) sample. Lines are meant as guides to the eyes.

tnom reveals further insights. For this purpose, the spectral weight of the CFE
peaks in the unpolarized LT spectra of CePt5/Pt(111) is plotted in Fig. 4.7(a). The
intensity of the peak CFE1 decreases with increasing film thickness. For ≈12 UC
and thicker samples, the intensity becomes too weak to be recognized which leads to
the estimation of an attenuation length of (6.0 ± 1.5) nm. In contrast, at thicknesses
below ≈5 UC the peaks CFE2 and CFE3 are not observed, but gain weight with
increasing thickness. However, their high-thickness behavior is different. While
the CFE3 peak only slightly increases with film thickness, the intensity of CFE2 is
increasing much faster.

The thickness development of all three CFE peaks can be consistently explained
by attribution of each peak to regions of different depths below the surface. The
distribution of neighboring Pt atoms around a Ce atom will influence the CF and
therefore alter the CFE as observed by SRS. In that sense, the CFE1 feature is
assigned to the interface between the CePt5 film and the Pt(111) substrate. It
vanishes when the film thickness exceeds the penetration depth of the laser light.
In turn, the CFE3 peak is allocated to the topmost layers of the CePt5 film. Since
the film has always a surface region, the slowly varying intensity accounts for that.
The CFE2 peak is related to the inner, bulklike part of the film. Therefore, its
Raman intensity increases with growing volume of the film. This attribution is
schematically depicted in Fig. 4.7(b).
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4.5. Vibrational excitations in CePt5/Pt(111) and LaPt5/Pt(111)

The question whether the polarization properties of the CFE peaks, i.e., CFE2
and CFE3, should change in dependence of their region of origin can be addressed
by the group theoretical considerations of Sec. 4.3.1. It is mentioned there that the
irreducible representations Γ−

6 of the bulk and Γ6 of the surface have equal basis
functions. So, the CF is altered but leaves the polarization properties unchanged.
This is perfectly in line with the fact that CFE2 and CFE3 are observed in z(xx)z̄
and z(xy)z̄ polarization configuration in Fig. 4.4(b). This consideration might also
be true for the interface region, i.e., CFE1, but cannot be verified in the Raman
spectra due to its weak intensity.

The results so far can be directly compared to the CF scheme predicted by XLD
and XMCD measurements [242]. Since the probing depth of XAS is smaller than
that of SRS (reduction by a factor of 4 – 6), it is reasonable to compare the peaks of
CFE2 and CFE3 as obtained by SRS with the samples with thicker films. For the
thinner samples a comparison with CFE1 might be more appropriate. In the XLD
and XMCD measurements, the states with MJ = ±5

2 are observed to be separated
from the other two Kramers doublets by &200 cm−1 for tnom & 7 UC. This is in the
same range as the frequency of 185.8 cm−1 of the bulklike peak CFE2 and matches
excellent with the frequency of 204.8 cm−1 of near-surface peak CFE3, which is
assumed to match better with the x-ray data. For films with tnom . 4 UC, the
splitting measured by XLD and XMCD reduces to .145 cm−1. Compared to the
near-interface peak CFE1 at a frequency of 140.4 cm−1, the agreement is very good.
Hence, the overall resemblance of both techniques is quite gratifying.

Regarding the FWHMs of the CFE Raman peaks, the question rises for which
reason the peak CFE1 is much broader compared to the other peaks CFE2 and
CFE3. This observation can be related to INS observations for bulk Ce-containing
materials. There, a correlation was found between the width of the CFEs in INS
and the hybridization strength between 4f electrons of Ce and itinerant electrons
as found by XAS [250]. This indicates that hybridization leads to a reduced lifetime
of the CFE states. The Raman results are fully compatible with these findings
since the broad CFE1 peak is observed to be most intense for small film thicknesses
where also the hybridization of the 4f electrons is strongest [241].

4.5. Vibrational excitations in CePt5/Pt(111) and
LaPt5/Pt(111)

After the inspection of the CFE peaks, the vibrational peaks of CePt5/Pt(111) and
LaPt5/Pt(111) will be discussed here as last part for understanding of the Raman
spectra.
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E2g

Figure 4.8.: Top view (in [111] direction) of the vibrational eigenmode E2g of the
CePt5 UC with D6h symmetry. This mode is twofold degenerate as
indicated by the two differently colored groups of arrows.

4.5.1. Properties of the vibrational excitations
In addition to the investigations of the vibrational peaks above, i.e., the identification
of the VE1 as bulklike E2g mode, further considerations on CePt5/Pt(111) including
their origin is required. LaPt5/Pt(111) will be also in the focus of this section.

Vibrational peaks of CePt5/Pt(111)
In Sec. 4.3, the VE1 peak in Fig. 4.4(a) is identified by its intensity development with
film thickness as E2g vibrational mode and some properties are already mentioned,
i.e., that it is the only Raman-active mode of the bulk CePt5 UC. A further
remarkable circumstance is the nonsaturating intensity for thick films as found in
Fig. 4.6(b). This might be related to an increasing Raman scattering efficiency
with increasing film thickness, which is possibly linked to gradual formation of
bulklike symmetry. The resulting electronic scattering becomes also stronger if
there is considerable coupling to the vibrational mode. This interaction was already
observed and described in Refs. [227,251,252].

To gain further insights into the properties of VE1, the vibrational pattern can
be determined by evaluation of Eq. (2.15). The resulting eigenvectors are depicted
in Fig. 4.8. Only Pt atoms from the CePt2 layer are displaced perpendicular to
the [111] direction. This is in line with the group theoretical prediction that the
E2g mode originates from Pt atoms at the Wyckoff position 2c (see Tab. 4.1). As
E-like mode, it is twofold degenerate as indicated by the differently colored arrows.
Moreover, the displacement pattern of the mode preserves the inversion symmetry.

Yet, there are two further vibrational modes VE2 and VE3 in Fig. 4.4(a) whose
existence cannot be explained by group theoretical analysis of bulk CePt5 (cf.
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Figure 4.9.: Development of the Raman shift of the vibrational peaks of
CePt5/Pt(111) and LaPt5/Pt(111) with the film thickness tnom. Both
temperatures RT and LT are shown. For details on the model fit see
text.

Tab. 4.1). As mentioned in Sec. 4.3.1, the symmetry reduction at the surface
allows the emergence of additional modes. With the aid of Tab. 4.2, these new
modes find a natural explanation. The mode VE2 is observed in both polarization
configurations, while the mode VE3 is only observed in z(xx)z̄ configuration (see
Fig. 4.4(b)). These properties can be directly linked to the representations E2 and
A1 of C6v, respectively. One of the two E2 modes of the symmetry-reduced UC
from the surface has the same vibrational pattern as depicted in Fig. 4.8. The
eigenvectors of the second E2 mode as well as the modes with other symmetries are
more complicated and involve the displacement of additional atoms. For instance,
A1 modes are composed of atomic movements along the [111] direction. However,
four new optical Raman modes are predicted by Tab. 4.2 (excluding acoustic modes),
but not all are observed. Maybe the two missing modes are spectrally located below
the filter edge or their Raman efficiency is too weak to be observed. For Bi2Se3, a
similar situation of new appearing phonons due to surface symmetry reduction was
observed by RS as well [253].

The frequency development in dependence of the film thickness tnom of the three
vibrational eigenmodes exhibits a comprehensive picture. The data for RT and LT
are compiled in Fig. 4.9. The frequency of the VE1 phonon mode of CePt5/Pt(111)
decreases for low thicknesses, but saturates for samples with tnom & 10 UC. The
peak frequency of VE1 at tnom = 18.0 UC can therefore be truly seen as bulk value
for CePt5/Pt(111). The frequency development is also apparent in Fig. 4.6(a). The
considered film thicknesses are small enough to alter phonon frequencies due to
confinement [214]. Therefore, the LT data are fitted by a power law of the form
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[254]:

∆ω ∝ tbnom, (4.9)
where ∆ω is the thickness-induced frequency shift and b is a fitting parameter.

Only data points above 3 UC are considered in the fit, but the extension (dashed
curve) of the curve to smaller thicknesses is satisfactory. The frequency shift is
well described by Eq. (4.9) and suggests therefore phonon confinement as reason
for the observed shift of peak VE1. It should be mentioned that strain, which is
also present in the films, can similarly shift the peak frequency of phonons [49]. In
contrast, the deviations for the peaks VE2 and VE3 from the values for thicker films
are less pronounced. This is in line with the attribution of peak VE1 to the bulk
and the other peaks to the surface region. Quantitatively, from highest to lowest
film thicknesses the frequencies at LT varies by −21.5, −9.6, and 8.9 % for the peaks
VE1 to VE3, respectively. It is therefore plausible to relate the development of the
near-surface peaks VE2 and VE3 to the evolution of the surface lattice parameter
as observed in Ref. [241]. Note that the peaks VE2 and VE3 shift in opposite
directions and will be revisited in combination with LaPt5.

Interestingly, all three peak frequency shifts exhibit a step-like feature around
tnom ≈ 3 UC. This observation is especially pronounced for VE1 and VE3 and, with
decreasing thickness, results in a down-ward step and an up-ward step of ≈10 cm−1,
respectively. For samples with around 3 UC, it is known by a LEED analysis that
for this film thicknesses the surface lattice constant changes vastly [241]. This will
of course affect the eigenfrequencies of the modes and is likely the reason for the
observed steps. Moreover, the steps seem to continue the trend of the previous
curve.

Vibrational peaks of LaPt5/Pt(111)
So far, the Raman spectra of LaPt5/Pt(111) are only considered as references for
interpretation of the Raman spectra of CePt5/Pt(111). Now, the spectra will be
discussed in more detail. First of all it should be noted that the Raman spectra
of LaPt5/Pt(111) and CePt5/Pt(111) are closely related, apart from the CFE
peaks (see Fig. 4.4(a)). Since both materials crystallize in the same structure, it is
plausible that the three vibrational peaks share the same origin. This assumption
is fortified by considering the polarization properties as shown for LaPt5/Pt(111)
in Fig. 4.10. The peak VE1 of LaPt5 has E2g symmetry, while the peaks VE2 and
VE3 have E2 and A1 symmetry, respectively. This matches perfectly with the peak
polarizations of CePt5 (cf. Fig. 4.4(b)). The vibrational mode pattern depicted in
Fig. 4.8 can also be transferred to the E2g mode of LaPt5/Pt(111).

For a systematic evaluation of the vibrational peaks, the peak frequencies are
appended to Fig. 4.9. The studied thickness range is less than that of CePt5/Pt(111).
For this reason, a saturation for the frequencies at high thicknesses is not apparent.
Nevertheless, a similar behavior like for CePt5/Pt(111) is observed. Similar are also
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Figure 4.10.: Raman spectra of LaPt5/Pt(111) (tnom = 12.0 UC) at RT. The unpolar-
ized spectrum as well as the spectra for the polarization configurations
z(xx)z̄ and z(xy)z̄ are shown.

the tendencies of VE1 to shift downward and VE3 to shift upward with decreasing
thickness, while the VE2 deviates only slightly downwards. A qualitative evaluation
as for CePt5/Pt(111) yields shifts at LT of −12.7, −2.3, and 8.1 % for the peaks
VE1 to VE3, respectively. For simplicity, the peak frequencies for the samples with
the highest thicknesses are assumed to be saturated.

When comparing LaPt5/Pt(111) and CePt5/Pt(111), the peak frequencies for
VE1 and VE2 are quite similar for the thickest samples. This is not surprising since
the relative atomic mass difference between Ce and La atoms is only ≈0.7 %. The
in-plane lattice constant of LaPt5 is only slightly larger than that of CePt5 due to
the lanthanide contraction [255], but they differ in total only in the percentage range
[247]. Based on Eq. (3.8), the similar frequency values are reasonable since the mass
increase and UC-volume reduction cancel partly out. Moreover, the displacement
pattern of Fig. 4.8 suggests that for VE1 the rare-earth ion only influences the
phonon frequency to a small extent. However, the peak VE3 does not fit into this
picture. The frequency of this mode of LaPt5 is approximately 15 cm−1 higher than
the corresponding one of CePt5 and also increases with decreasing film thickness.
Since for both surface systems the peak frequencies of VE1 and VE2 show opposite
thickness dependence to VE3, the 4f electrons as cause can be excluded. It seems
rather likely that the symmetry of the modes (VE1 and VE2 are E-like modes, VE3
is an A-like mode) is responsible for the direction of the shifts.

With regard to the different surface systems and its response to temperature
changes, the peak VE3 hosts another curiosity. For LaPt5/Pt(111), the peak
frequencies increase when the sample temperature is lowered to LT as it usually
does. However, another explanation must therefore apply for the Raman peak VE3
of CePt5/Pt(111).
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Figure 4.11.: Raman spectra of CePt5/Pt(111) and LaPt5/Pt(111) for RT and LT
for (a) thinner films (tnom = 3.5 UC for CePt5/Pt(111) and tnom =
2.5 UC for LaPt5/Pt(111)) and (b) for thicker films (tnom = 11.0 UC
for CePt5/Pt(111) and tnom = 12.0 UC for LaPt5/Pt(111)). The
polarization configuration of all spectra is z(xu)z̄. The anomalous
temperature shift is indicated by blue vertical lines. The horizontal
curves mark the assumed background.

4.5.2. Anomalous temperature-induced frequency shifts

The obscure temperature behavior of peak VE3 of CePt5/Pt(111) found in the
previous section is further studied. For that reason, temperature-dependent Raman
spectra are compiled for CePt5/Pt(111) and LaPt5/Pt(111) in Fig. 4.11. The unusual
property of the peak VE3 of CePt5/Pt(111) becomes apparent: VE3 is shifted
anomalously with temperature. This is already observable when Figs. 4.4(a) and
4.9 are closely inspected. Note that this is not a thickness-dependent phenomenon,
since it is observed for both the sample with 3.5 and 11.0 UC. Note the weak
features below ≈90 cm−1, especially for LaPt5/Pt(111) in Fig. 4.11(b), which are
omitted in the analysis since they might be artifacts due to rising intensity in
combination with the transmission characteristics of the edge filter (see Sec. G). For
the peaks VE1 and VE2 of CePt5/Pt(111), the common temperature shift due to
anharmonicity is observed. Since the anomalous temperature shift is not observed
for LaPt5/Pt(111), there is the strong suspicion that 4f electrons are involved.

Due to electron-phonon coupling the phonon mode VE3 might be influenced by
the 4f electrons. Conduction electrons may be also come into play since (5d,4f)
hybridization and hence Kondo screening occurs when the sample is cooled below TK
[240]. These mechanisms would then lead to the observed phonon softening. Since
only one phonon mode is affected which besides is the sole one with A1 symmetry,
symmetry might be relevant and inhibit the electron-phonon coupling with other
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modes. Phonon softening was also previously discussed for the Ce-containing
material CeAl2 [256,257].

4.6. Conclusion
In the presented Raman data distinct peaks were observed for thin intermetallic
films of CePt5 and LaPt5 on Pt(111) substrate. This is remarkable, since the
conduction electrons of metals are generally believed to cause a broad background
possibly obscuring other Raman peaks. Moreover, the penetration depth of light,
and therefore the information depth, is greatly reduced in metals (compared to,
e.g., Si).

In the Raman spectra, two kinds of Raman peaks of different origin could be
distinguished. The Raman peaks due to CFEs could be unambiguously determined
and all related to the same transition between CF states but from different film
regions. Hence, there are three CFE Raman peaks which originate from the surface,
the bulklike region of the film, and the interface to the substrate. Apart from
that, three vibrational Raman peaks are observed of which one is attributed to the
bulk region while the other two originate from the surface. This determination,
which allows a more direct evaluation than from XLD and XMCD measurements,
enables the reinsertion of the CF splitting parameters into the model fits of the
susceptibility and therefore a reevaluation of the Kondo physics. Apart from that,
the SRS data support the existing fits.

Group theoretical considerations are shown to be very useful for the interpretation
of the Raman spectra. This holds not only for the number and polarization properties
of vibrational Raman peaks, but also for CFE peaks. Moreover, the polarization
configurations of Raman features of both origins can be related to each other.
Through symmetry reduction at the surface, properties of emerging vibrational
modes can be predicted. The determination of eigenvectors of vibrational modes is
another merit of group theory.
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5. Summary and outlook
The present thesis deals with the investigation of elementary excitations of surface
systems by surface Raman spectroscopy (SRS). Low-dimensional surface systems
are subject of current extensive research interest since they exhibit new physical
phenomena with respect to bulk materials. The microscopically ordered surface
morphology alters the electronic and vibrational properties as well as their inter-
action in a distinct way. Moreover, through confinement to two-dimensional (2D)
and one-dimensional (1D) extensions, electronic correlations become more relevant.
These and related effects are expected to have a considerable impact on the analyzed
surface systems.

All analyzed surface systems - ordered metal adsorbates on semiconductor sub-
strates and thin intermetallic films - show specific and unique Raman peaks that
are related to excitations of vibrational or electronic nature. Hence, SRS lends itself
as a versatile optical probe for surfaces and near-surface regions. Since scattering
from atomic arrangements as thin as a monolayer (ML) is detectable, the very high
sensitivity of the experimental setup is evident. In addition to the spectroscopic
advantages and the contactless operation mode of Raman spectroscopy (RS), the
Raman spectra contain and reveal much information about physical phenomena in
the samples. Insights are obtained by comparison between spectra of reconstructed
and unreconstructed surfaces as well as material systems where specific atoms are
substituted. Additional information about the Raman peaks is extracted from
their temperature dependence and their polarization configurations in combination
with group theoretical considerations. Moreover, cumulative fits of single Voigt
profiles of the Raman data allow an excellent spectral peak determination accuracy
of ≈0.1 cm−1. To ensure a high sample quality and reproducible conditions, great
experimental effort is spent on the optical and ultrahigh vacuum (UHV) setups.
All prepared sample surfaces are checked by low-energy electron diffraction (LEED)
prior to the Raman measurements.

The Raman data of all systems are combined and compared with theoretical and
other experimental results as far as available. Special emphasis lies on exclusive first-
principles calculations of vibrational Raman spectra for different structural models.
This enables the choice of preferred models for the structural description, even if
the atomic surface configurations of the models are quite alike. With experimental
respect, the surface Raman data are compared with results of complementary
methods, like, e.g., helium atom scattering (HAS) and high-resolution electron
energy loss spectroscopy (HREELS), and to other surface Raman spectra obtained
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separately in a different setup. A benefit of SRS, in relation to other surface-
sensitive techniques, is its high spectral resolution and sensitivity which allows
the observation of new features as well as the refinement of existing ones. For
the particular surface systems, all results fit generally with good agreement into a
consistent picture.

In the following two parts, the key results of the Raman investigation for both
types of investigated surface systems are comprehensively summarized. This chapter
is concluded by an outlook.

Summary - Surface adsorbate systems
A major part of this thesis covers several surface reconstructions of Au adatoms on
Si(111) substrate as well as Sn adatoms on Ge(111) and Si(111) substrates. The
surface reconstructions are obtained by self-assembly of the adsorbed atoms in
special preparation procedures.

The Au-induced reconstructions Au-(5×2)/Si(111) and Au-(
√

3×
√

3)/Si(111) are
of special interest. The Au adatoms on the Si(111) surface form quasi-1D chain-like
structures and 2D triangular patterns, respectively. For the Au-(5×2)/Si(111)
reconstruction, many distinct surface phonons are identified and analyzed for their
polarization configuration. However, there exist several possible models for the
exact atomic configuration of this reconstruction. With the aid of the SRS results
in combination with first-principles calculations, a preferred model is chosen for this
surface reconstruction. On this basis, the Raman data are compared to calculated
spectra for the Erwin-Barke-Himpsel (EBH) and Kwon-Kang (KK) model, which
are the two most promising ones. As a result, the KK structural model is favored for
the description of the Au-(5×2)/Si(111) surface. Moreover, from the calculations
atomic displacement patterns for atoms can be deduced. A similar approach is
conducted for the Au-(

√
3 ×

√
3)/Si(111) surface. The observed features in the

surface Raman spectra are clearly reconstruction-dependent and allow therefore
a discrimination. The Raman spectra, decomposed by fitting, are compared to
calculated spectra for different structural models. Thus for the proposed twisted-
trimer (TT) and conjugate honeycomb-chained-trimer (CHCT) model, a choice
toward the CHCT model for Au-(

√
3 ×

√
3)/Si(111) is made. The calculations

further reveal the localization of the surface modes to be at the Au adatoms, the Si
substrate or a mixture of both. For both Au reconstructions, the analysis is enriched
by discussing group theoretical considerations and the effect of temperature. The
method of combining SRS and first-principles calculation results is therefore a
promising tool for structural exploration of surfaces.

For a Sn coverage of 1
3 ML on Ge(111) and Si(111), a triangular surface pattern is

formed on both substrates. Although these systems are closely related and similar,
they exhibit distinctive deviations concerning their low temperature (LT, T ≈
20 – 40 K) behavior. For Sn/Ge(111), a reversible structural phase transition (SPT)
between two reconstructions occurs upon cooling: (

√
3 ×

√
3) ↔ (3×3). In contrast,
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no SPT is observed for the Sn/Si(111) system. The dynamical fluctuation (DF)
model is capable of explaining this transition for Sn/Ge(111), while some aspects
also apply for Sn/Si(111). This model claims that one of three Sn atoms protrudes
the other two. The adatoms with different height positions exchange and freeze,
dependent on the actual system, into a long-range order upon cooling, which triggers
the phase transition. Theoretically, there are three eigenmodes describing the Sn
adatom movement. For Sn/Ge(111) and Sn/Si(111), one DF mode is observed at
55.8 and 88.3 cm−1 at LT, respectively. The high-resolution Raman spectra reveal
that the DF mode of Sn/Ge(111) is not shifted with temperature, while it is as
usually shifted for Sn/Si(111). Therefore, the mode of Sn/Ge(111) exhibits nearly
completely harmonic character which is in line with theoretical predictions. These
findings confirm the assumed model and reveal both surface systems to be alike at
room temperature (RT, T ≈ 300 K). Furthermore, a low-frequency shoulder of the
DF mode of Sn/Ge(111), centered at ≈50 cm−1, indicates the SPT and is ascribed
to the induced backfolding of a Rayleigh wave (RW) by transition to the (3×3)
periodicity. The intensity development of this RW shoulder yields a transition
temperature of 225 K, which is in excellent agreement with other experimental
results. This phase transition is furthermore stated to be of order-disorder type.
The high-frequency Raman spectra (&80 cm−1 for Sn/Ge(111) and &130 cm−1 for
Sn/Si(111)) exhibit a large variety of further surface phonon modes. No sign for
SPTs are observed in that spectral ranges. The existing HAS data for Sn/Ge(111)
are supported by the better resolved SRS data. Moreover, the higher frequency
ranges as well as the SRS results for Sn/Si(111) are observed for the first time.

For higher coverages of Sn on Si(111), the Sn-(2
√

3×2
√

3)/Si(111) reconstruction
is formed. The Raman spectra of the Sn-(2

√
3 × 2

√
3)/Si(111) surface are readily

distinguishable from the reconstruction with lower Sn coverage. The observed
vibration modes are located below ≈180 cm−1 and exhibit distinct polarization
behavior. A structurally related system is found in thin films of α-Sn. The main
peak of α-Sn, i.e., the longitudinal optic (LO) phonon for a (001) surface, is observed
at 200.0 cm−1 at 77 K and is likely to be related to a surface phonon observed for
Sn-(

√
3 ×

√
3)/Si(111). Furthermore, the Raman spectra allow the exclusion of

β-Sn formation as well as the confirmation of good crystalline quality of the α-Sn
film.

Vibrational eigenmodes of universal character which appear for the different
adatom species and reconstructions on Si(111) are identified and are believed to be
mainly located at the substrate. These cross-references are a good evidence for the
reliability of SRS.

Apart from the reconstructions generated by different atomic species on the
substrate surfaces, the clean semiconductor surfaces Si(111)-(7×7) and Ge(111)-
c(2×8) are also part of the investigation. They are not only a reference for the
induced changes by adatom deposition but also of interest on its own. The Raman
spectra of the Si(111)-(7×7) reconstruction for LT are well in line with previous SRS
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results for higher temperatures. However, additional Raman peaks are observed
at LT. The Raman data for the Ge(111)-c(2×8) reconstruction exhibit many
new reconstruction-induced spectral features. The Raman spectra are therefore
compared with theoretical calculations and HAS measurements. Some Raman peaks
are attributed to backfolded RWs and to optical phonons. Furthermore, on basis of
the calculations for most experimentally observed modes a determination is feasible
whether it is localized mainly at the Ge adatoms or restatoms. However, SRS
reveals more modes of the Ge(111)-c(2×8) surface than expected from calculations
and other experimental methods. Therefore, the Raman data represent the most
complete set of vibrational modes.

Summary - Surface intermetallic systems
Another part of this thesis treats ultrathin films of CePt5 and LaPt5 on Pt(111)
substrate. The film thicknesses of both systems are in the range of several unit cells
(UCs) down to only a single UC. The major difference between both compounds is
the 4f electron of Ce in CePt5, which is absent when La is substituted with Ce.
Therefore, CePt5/Pt(111) can be compared to LaPt5/Pt(111) which serves as a
reference system with the same crystal symmetry but different electronic properties.
The energy levels of the 4f electrons in CePt5 are altered by the crystal field (CF)
which results in a lifting of their degeneracy. Transitions between the CF states can
be examined by SRS as crystal-field excitations (CFEs) in the Raman spectra. The
knowledge of the CF scheme is essential for a correct description of Kondo physics.
Further attention is turned to the vibrational properties of both systems.

Signatures in the Raman spectra of CePt5/Pt(111) are unambiguously identified
as transitions between the CF states of the 4f electrons. The assignment is based on
several criteria, including the comparison to LaPt5/Pt(111) and group theoretical
considerations. The three observed CFE Raman peaks can be attributed to the
same transition between two Kramers doublets: ±1

2 ↔ ±5
2 . Though, they originate

from different depth regions of the films. An attribution is feasible by examination
of the thickness dependence of the individual peak intensities. Hence, CFE Raman
peaks from the surface, the bulklike part of the intermetallic film, and the interface
to the substrate are observed at 140.4, 185.8, and 204.8 cm−1 (17.4, 23.0, and
25.4 meV), respectively. The polarization properties are in line with selection rules
for electronic Raman scattering. These Raman results further support the data
obtained by x-ray linear dichroism (XLD) and x-ray magnetic circular dichroism
(XMCD).

From group theoretical analysis it is known that both bulk CePt5 and LaPt5 have
only one Raman-active phonon, which is identified by the intensity development
in the Raman spectra. Moreover, this observed vibrational Raman peak is related
to the CFE Raman peaks by group theory. Among many other examples, this is
a further proof of the extraordinary usefulness of group theory in RS. Additional
vibrational Raman peaks appear in the spectra due to symmetry reduction at the
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surface. Their existences and polarization properties are compatible with group
theoretical predictions. Apart from the electronic Raman peaks, the spectra of
CePt5/Pt(111) and LaPt5/Pt(111) are very similar and exhibit the same number of
modes. However, for one phonon mode of CePt5/Pt(111) an unusual temperature
shift is observed. Since this behavior is absent for LaPt5/Pt(111), this effect is
evidently related to an interaction with the 4f electrons.

Outlook
Finally, possible ways to extend this research on the surface systems by SRS are
pointed out as an outlook.

For the Sn/Ge(111) and Sn/Si(111) surfaces, new insights are expected from the
comparison of the SRS data with further ab initio calculations, especially for the
vibrational modes at higher frequencies. Also, the different temperature behavior
of the DF modes of both systems could be addressed. Moreover, SRS seems to
be a promising experimental technique to illuminate the controversy about the
appearance of a second (

√
3 ×

√
3) reconstruction for Sn/Ge(111) for temperatures

below 30 K. If the (
√

3 ×
√

3) phase is restored, the low-frequency shoulder of the
DF mode should disappear as backfolding is lifted.

For the CFEs in CePt5/Pt(111), a further investigation of their temperature
behavior can be obtained by additional acquirement of anti-Stokes Raman spectra.
Since the electron states are not populated according to the Bose-Einstein statistics,
the intensity ratio between Stokes and anti-Stokes spectra is different than expected
for phonons.

Due to the many positive examples for various surface systems presented in this
thesis, SRS especially in combination with theoretical predictions is an experimental
method with good prospects for the investigation of future surface systems. Many
fields of surface physics are thereby accessible.
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Appendix

A. Compilation of relevant symmetry groups
Symmetry groups that are relevant for this thesis are tabulated together with the
applying surface systems. The 3D symmetry groups are listed in Schoenflies and
Hermann-Mauguin (or international) notation [43,44,69,70]. The surface system
Ge(111)-c(2×8) has no surface symmetry and is therefore omitted.

Table A.1.: Point and space groups are listed for 3D and if relevant for 2D together
with the applying material systems.

Point group Space group Material systems
3D 2D 3D 2D

Cs, m 1m C2
s , Pb p1g1 Au-(5×2)/Si(111)

C3
s , Bm c1m1 Sn-(2

√
3 × 2

√
3)/Si(111)

C3v, 3m 3m

C1
3v, P3m1 p3m1

Si(111)-(7×7),
(3×3) rec. of

Sn/Ge(111) and
Sn/Si(111)

C2
3v, P31m p31m

Au-(
√

3 ×
√

3)/Si(111),
(
√

3 ×
√

3)R30◦ rec. of
Sn/Ge(111) and

Sn/Si(111)

C6v, 6mm C1
6v, P6mm

Surface region of
CePt5/Pt(111) and

LaPt5/Pt(111)

D6h, 6/mmm D1
6h, P6/mmm

Bulk region of
CePt5/Pt(111) and

LaPt5/Pt(111)
Oh, m3m O7

h, Fd3m Si, Ge, α-Sn
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B. Compilation of relevant character tables
Character tables for relevant symmetry groups are listed together with their basis
functions [43]. If required, the character tables for the double groups are given [68].
The basis functions Rc transform like axial vectors, in contrast to the radial vectors
c = x, y, z. The basis functions for the double group representations transform like
an angular momentum operator and are listed in Ref. [68].

The following symmetry operations as used in the tables:
E = Identity
i = Inversion
Cn = Rotation about an n-fold axis
σv = Reflection in a vertical plane
σh = Reflection in a horizontal plane
Sn = Rotation about an n-fold axis followed by a reflection

A bar on top of the operation symbol indicates an additional change of
the sign of the spinor (only for double groups).

Table B.2.: Character table for point group Cs.
E σh Basis functions

A′ 1 1 x, y Rz x2, y2, z2, xy
A′′ 1 −1 z Rx, Ry yz, xz

Table B.3.: Character table for point group C3v.
E 2C3 3σv Basis functions

A1 1 1 1 z x2 + y2, z2

A2 1 1 −1 Rz

E 2 −1 0 (x, y) (Rx, Ry) (x2 − y2, xy), (yz, xz)
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Table B.4.: Character table for double point group C6v.

E Ē
C2
C̄2

2C3 2C̄3 2C6 2C̄6
3σd

3σ̄d

3σv

3σ̄v
Basis functions

A1 Γ1 1 1 1 1 1 1 1 1 1 z x2 + y2, z2

A2 Γ2 1 1 1 1 1 1 1 −1 −1 Rz

B1 Γ3 1 1 −1 1 1 −1 −1 1 −1
B2 Γ4 1 1 −1 1 1 −1 −1 −1 1
E1 Γ5 2 2 −2 −1 −1 1 1 0 0 (x, y) (Rx, Ry) (xz, yz)
E2 Γ6 2 2 2 −1 −1 −1 −1 0 0 (x2 − y2, xy)

Γ7 2 −2 0 1 −1
√

3 −
√

3 0 0
Γ8 2 −2 0 1 −1 −

√
3

√
3 0 0

Γ9 2 −2 0 −2 2 0 0 0 0
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Table B.5.: Character table for double point group D6h (continued on next page).

E Ē
C2
C̄2

2C3 2C̄3 2C6 2C̄6
3C ′

2
3C̄ ′

2

3C ′′
2

3C̄ ′′
2

A1g Γ+
1 1 1 1 1 1 1 1 1 1

A2g Γ+
2 1 1 1 1 1 1 1 −1 −1

B1g Γ+
3 1 1 −1 1 1 −1 −1 1 −1

B2g Γ+
4 1 1 −1 1 1 −1 −1 −1 1

E1g Γ+
5 2 2 −2 −1 −1 1 1 0 0

E2g Γ+
6 2 2 2 −1 −1 −1 −1 0 0

A1u Γ−
1 1 1 1 1 1 1 1 1 1

A2u Γ−
2 1 1 1 1 1 1 1 −1 −1

B1u Γ−
3 1 1 −1 1 1 −1 −1 1 −1

B2u Γ−
4 1 1 −1 1 1 −1 −1 −1 1

E1u Γ−
5 2 2 −2 −1 −1 1 1 0 0

E2u Γ−
6 2 2 2 −1 −1 −1 −1 0 0

Γ+
7 2 −2 0 1 −1

√
3 −

√
3 0 0

Γ+
8 2 −2 0 1 −1 −

√
3

√
3 0 0

Γ+
9 2 −2 0 −2 2 0 0 0 0

Γ−
7 2 −2 0 1 −1

√
3 −

√
3 0 0

Γ−
8 2 −2 0 1 −1 −

√
3

√
3 0 0

Γ−
9 2 −2 0 −2 2 0 0 0 0
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Table B.6.: Character table for double point group D6h (continued from previous page).

i ī
σh

σ̄h
2S6 2S̄6 2S3 2S̄3

3σd

3σ̄d

3σv

3σ̄v
Basis functions

A1g Γ+
1 1 1 1 1 1 1 1 1 1 x2 + y2, z2

A2g Γ+
2 1 1 1 1 1 1 1 −1 −1 Rz

B1g Γ+
3 1 1 −1 1 1 −1 −1 1 −1

B2g Γ+
4 1 1 −1 1 1 −1 −1 −1 1

E1g Γ+
5 2 2 −2 −1 −1 1 1 0 0 (Rx, Ry) (xz, yz)

E2g Γ+
6 2 2 2 −1 −1 −1 −1 0 0 (x2 − y2, xy)

A1u Γ−
1 −1 −1 −1 −1 −1 −1 −1 −1 −1

A2u Γ−
2 −1 −1 −1 −1 −1 −1 −1 1 1 z

B1u Γ−
3 −1 −1 1 −1 −1 1 1 −1 1

B2u Γ−
4 −1 −1 1 −1 −1 1 1 1 −1

E1u Γ−
5 −2 −2 2 1 1 −1 −1 0 0 (x, y)

E2u Γ−
6 −2 −2 −2 1 1 1 1 0 0

Γ+
7 2 −2 0 1 −1

√
3 −

√
3 0 0

Γ+
8 2 −2 0 1 −1 −

√
3

√
3 0 0

Γ+
9 2 −2 0 −2 2 0 0 0 0

Γ−
7 −2 2 0 −1 1 −

√
3

√
3 0 0

Γ−
8 −2 2 0 −1 1

√
3 −

√
3 0 0

Γ−
9 −2 2 0 2 −2 0 0 0 0
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C. Temperature dependence of Raman spectra of
Si(111)

Additional Raman spectra of bulk Si(111) are presented in Fig. C.1 to show the
influence of temperature on the spectra. Corresponding Raman spectra for RT are
shown in Fig. 3.2(a) of which the spectrum for z(xx)z̄ polarization configuration
is included in Fig. C.1 as dashed line. The temperature-induced shift of the LTO
phonon frequency can be readily observed at the upper part of the figure. The
reduction of the FWHM is also apparent. The 2TA phonon structure decreases
considerably with decreasing temperature. The underlying relation for this reduction
is presented in Sec. 3.1. Moreover, the 2TA structure as second-order process almost
vanishes in the z(xy)z̄ spectrum at LT. Also note the splitting of the 2TA phonon
structure around ≈300 cm−1 into contributions from the X and Σ point of the BZ.
This is clearly observable in the z(xx)z̄ spectrum at LT.

Similar temperature effects are also observed for the Raman spectra of bulk
Ge(111) and of the adsorbate-covered substrates.

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0

z ( x y ) z
z ( x x ) zInt

en
sity

 (a
.u.

)

R a m a n  s h i f t  ( c m - 1 )

S i ( 1 1 1 )
L T

L T O
2 T A

Figure C.1.: Raman spectra of the bulk semiconductor Si(111) for LT and both
polarization configurations z(xx)z̄ and z(xy)z̄. The dashed line is the
z(xx)z̄ spectrum of Si(111) for RT as reference and is identical with
the one shown in Fig. 3.2(a).

D. Raman spectra for different excitation
wavelengths

Additonal Raman spectra which were recorded with different laser lines are shown
for several surface and bulk systems. So far, the presented Raman spectra were
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D. Raman spectra for different excitation wavelengths

obtained by excitation with a laser line of 488 nm. Here, also spectra recorded
with 514 and 633 nm are displayed. According to Eqs. (2.13) and (2.14), the
Raman spectra are strongly influenced by the used excitation wavelength. For
some excitation laser lines, resonant conditions can be achieved, which result in
an increasing Raman intensity. By comparison of the Raman spectra for different
excitation wavelengths, spectral features appearing in all spectra can be definitely
assigned as Raman signals. In general, the observed intensity depends also on
the used optical equipment, e.g., the grating and CCD efficiency for the specific
wavelength.
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S i ( 1 1 1 )
R T
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Figure D.2.: Raman spectra of the bulk semiconductor Si(111) for the excitation
laser wavelengths 633 and 488 nm. The spectra were recorded at
RT and are depicted for both polarization configurations z(xx)z̄ and
z(xy)z̄. The intensity of the spectra is normalized with respect to
integration time and laser power.

In Fig. D.2, Raman spectra of bulk Si(111) for 633 and 488 nm are shown. The
Raman intensity is strongly reduced by changing the wavelength from 488 to 633 nm,
which leads to the conclusion that the latter is less resonant. Apart from that, all
spectral features of Si(111) are observable for both wavelengths. Note that the
spectral range on the CCD detector varies with the used laser line as can be also
seen in Fig. D.2.

A similar situation is also observed for the Raman spectra of the Ge(111)-c(2×8)
surface in Fig. D.3. The spectra were obtained with the laser wavelengths 514 and
488 nm. For 514 nm (∼=2.41 eV), the Raman signal is considerably enhanced due to
the resonance with the energy gap E1 + ∆1 of Ge, which has an energy of ≈2.33 eV
[94,258]. The excitation with the laser line of 488 nm (∼=2.54 eV) is consequently
less resonant. In Ref. [94], an enhancement by a factor 2 is experimentally obtained
between the two laser lines for one-phonon Raman scattering. This is in good
agreement with the observation in Fig. D.3.
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Figure D.3.: Raman spectra of the Ge(111)-c(2×8) surface reconstruction for the ex-
citation laser wavelengths 514 and 488 nm. The spectra were recorded
at RT and are depicted for both polarization configurations z(xx)z̄
and z(xy)z̄. The intensity of the spectra is normalized with respect
to integration time and laser power. Note that the spectra for 488 nm
are multiplied by a factor of 2.5.
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Figure D.4.: Raman spectra of CePt5/Pt(111) for LT for the excitation laser wave-
lengths 514 and 488 nm. The spectra were recorded at LT and are
depicted for the polarization configuration z(xu)z̄. The intensity of
the spectra is normalized with respect to integration time and laser
power.

In Fig. D.4, Raman spectra for 514 and 488 nm are shown for CePt5/Pt(111) with
a film thickness of 9.0 UC. In these unpolarized spectra, the CFE Raman peaks
(like the vibrational excitations) are clearly observed for both laser wavelengths.
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E. Raman spectrum with plasma lines for calibration

No resonance behavior is observed for the intermetallic films.

E. Raman spectrum with plasma lines for calibration
An exemplary Raman spectrum with plasma lines of the Ar+ ion gas laser is shown
in Fig. E.5. The z(xx)z̄ spectrum was recorded for a Si(111) substrate at RT and
is depicted together with a reference spectrum with applied plasma line filter. The
positions of the plasma lines (including the laser line) together with tabulated
frequency values of the plasma lines are used for the calibration of the Raman
spectra. To get the peak positions of the plasma lines in the spectrum, the peaks
are fitted by Voigt profiles. From Fig. E.5 it is also apparent that no plasma lines
leak through the filter.
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Figure E.5.: Raman spectrum with plasma lines of the Ar+ ion gas laser for a
Si(111) substrate. For reference, a spectrum with applied plasma line
filter is shown and shifted for clarity. Prior to calibration, the pixels
of the CCD detector are noted. The laser line had a wavelength of
488 nm.

F. Additional information on the preparation
procedures

More details on the preparation procedures of the surface adsorbate systems are
provided in this section. The relevant parameters that need to be controlled during
the preparation of the clean semiconductor substrates are the sample temperature,
the heating power of the direct current power supply, and the pressure in the UHV
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chamber. When metal atoms are deposited on the substrate, the flux of the adatoms
also needs to be considered.
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Figure F.6.: Preparation procedure for a flash annealing process for Si(111) to
obtain the Si(111)-(7×7) reconstruction. The sample temperature, the
heating power of the direct current power supply, and the pressure in
the UHV chamber are plotted over time.

In Fig. F.6, the flash annealing procedure to prepare the clean semiconductor
surface Si(111)-(7×7) is shown. The corresponding preparation is described in
Sec. 3.2.1. After a sharp increase, the temperature is decreased and finally RT
is approached. The temperature follows the heating power very closely. Instead,
the pressure rises after a short time delay and decreases slowly after the sample
temperature is lowered. In some cases, several flash annealing cycles are needed
to get a very low pressure during the flash annealing process, which also is a good
indication for a clean surface.

A similar procedure is used to obtain the clean semiconductor surface Ge(111)-
c(2×8) as depicted in Fig. F.7. The corresponding preparation is also described
in Sec. 3.2.1. In general, the annealing temperature is lower than in the case of
Si(111)-(7×7). The thermal treatment is applied after Ar+ ion sputtering.

After preparation of the clean semiconductor surfaces, adatoms are deposited on
the substrates to obtain the adsorbate reconstructions. The flux of atoms of the
evaporator is controlled by a quartz crystal microbalance.

In Fig. F.8, an exemplary frequency development for a Sn flux of 200 nA is
depicted. The rate, i.e., the slope, is determined by linear fitting. With this rate
and the calculated frequency shift for the desired coverage, the time, during which
the evaporation shutter must be opened, can be obtained.

After Sn deposition, the samples is annealed again. Such an annealing process is
shown for Sn/Si(111) in Fig. F.9. The corresponding preparation is also described in

128



F. Additional information on the preparation procedures
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Figure F.7.: Preparation procedure for an annealing process for Ge(111) to obtain
the Ge(111)-c(2×8) reconstruction. The sample temperature, the
heating power of the direct current power supply, and the pressure in
the UHV chamber are plotted over time.
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Figure F.8.: Frequency development during Sn deposition of the quartz crystal that
is used in the quartz crystal microbalance. The flux of the evaporator
is kept constant. The data points are fitted by a linear fit.

Sec. 3.4.2. Note the decreasing of the heating power which is related to the decrease
of the electrical resistance of the sample. Due to the increasing temperature of
the sample and the environment, an increasing number of conduction electrons
participate. Therefore, the voltage drops, while the electric current is kept constant.

Similar preparation procedures are also used in the case of Ge(111) as substrate.
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Figure F.9.: Preparation procedure for an annealing process after deposition of Sn
on Si(111). After annealing the Sn-(

√
3 ×

√
3)/Si(111) reconstruction

is obtained. The sample temperature and the heating power of the
direct current power supply are plotted over time.

G. Optical characteristics of used laser-line filters
The Raman spectra were recorded by applying two types of laser-line filters, i.e.,
edge filters and Bragg notch filters. Both types have advantages and disadvantages
with respect to the experimental requirements. To examine the filter characteristics,
it is useful to replace the laser with a cold light source. In theory, the observed
spectrum should be a smooth curve whose intensity only slightly varies in the
visible spectral range. The cold light source is placed in front of the spectrometer
in direction of the sample.

Two spectra with an applied edge filter (for the laser line with a wavelength of
488 nm) in two different positions (0◦ and 10◦) are shown in Fig. G.10. As can be
seen in the figure, the filter edge can be shifted by rotation of the filter (around a
vertical axis). Nearly all intensity passes the filter above the filter edge (i.e., the
Stokes side for Raman processes). On the other hand, the transmitted intensity
drops by several orders on the shorter wavelength side of the edge. Note the slight
intensity oscillations close to the filter edge that are only clearly observed for high
intensities.

A different characteristic is observed for the Bragg notch filters as depicted in
Fig. G.11. It is necessary to utilize two Bragg notch filters to achieve a laser
suppression that is high enough. At the laser wavelength of 488 nm a narrow dip
suppresses the laser intensity, while light with different wavelengths can pass the
filters. Hence, anti-Stokes and Stokes Raman processes are observable. However,
the transmittance is not as high as for an edge filter. Note the intensity steps on
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G. Optical characteristics of used laser-line filters
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Figure G.10.: Spectra recorded with an applied edge filter (EF). The wavelength
of 488 nm is marked. A spectrum for perpendicular incidence of the
laser beam (0◦) on the filter is shown as well as a spectrum with a
rotated filter (10◦). The intensities are normalized with respect to a
spectrum obtained without filters.
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Figure G.11.: Spectra recorded with and without Bragg notch filters (BNFs). The
wavelength of 488 nm is marked.

the anti-Stokes side, which are ascribed to changes in the grating efficiency due to
blazing. Such steps are not observed for the Stokes side. Therefore, care must be
taken when the sample temperature is obtained by the ratio of the anti-Stokes to
the Stokes spectrum according to Eq. (2.9).
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Acronyms
1D one-dimensional

1U2D 1 up, 2 down

2D two-dimensional

2TA second-order transversal acoustic

2U1D 2 up, 1 down

3D three-dimensional

AN Abukawa-Nishigaya

ARPES angle-resolved photoemission spectroscopy

BZ Brillouin zone

CCD charge coupled device

CDW charge-density wave

CF crystal field

CFE crystal-field excitation

CHCT conjugate honeycomb-chained-trimer

COI charge ordered insulator

DAS dimer-adatom-stacking fault

DB dangling bond

DF dynamical fluctuation

DFT density-functional theory

EBH Erwin-Barke-Himpsel
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Acronyms

FCC face centered cubic

FWHM full width at half maximum

GGA generalized gradient approximation

H3-MTL H3-missing-top-layer

HAS helium atom scattering

HCT honeycomb-chained-trimer

HREELS high-resolution electron energy loss spectroscopy

INS inelastic neutron scattering

IR infrared

KK Kwon-Kang

LA longitudinal acoustic

LDA local-density approximation

LEED low-energy electron diffraction

LO longitudinal optic

LT low temperature (T ≈ 20 – 40 K)

LTO longitudinal-transversal optical

MBE molecular beam epitaxy

MD molecular dynamics

MEIS medium-energy ion scattering

ML monolayer

PBE Perdew-Burke-Ernzerhof

PDOS phonon density of states

PLD periodic lattice distortion

RAS reflectance anisotropy spectroscopy
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Acronyms

RHEED reflection high-energy electron diffraction

RKKY Ruderman-Kittel-Kasuya-Yosida

RS Raman spectroscopy

RT room temperature (T ≈ 300 K)

RW Rayleigh wave

SBZ surface Brillouin zone

SERS surface-enhanced Raman scattering

SOC spin-orbit coupling

SPT structural phase transition

SRS surface Raman spectroscopy

STM scanning tunneling microscopy

STS scanning tunneling spectroscopy

SUC surface unit cell

TA transversal acoustic

TIRS transmission infrared spectroscopy

TLL Tomonaga-Luttinger liquid

TO transversal optic

TT twisted-trimer

UC unit cell

UHV ultrahigh vacuum

XAS x-ray absorption spectroscopy

XC exchange-correlation

XLD x-ray linear dichroism

XMCD x-ray magnetic circular dichroism

XPS x-ray photoemission spectroscopy

XRD x-ray diffraction
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