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Abstract

For future plasmonic devices, the understanding of low-dimensional collective excitations is indispens-
able. Nevertheless, although fundamental theories of the properties of low-dimensional plasmons exist
for many years, their predictions of the behavior are still rather unsatisfactory. Several key aspects of
the influences in real world systems such as, e.g., many-body effects, Coulomb screening, as well as
the general impact of the surrounding structural elements are still rather unexplored. Furthermore,
quasi-one-dimensional electronic systems show exceptional transport properties such as Peierls transi-
tion or Tomonaga-Luttinger liquid (TLL) behavior that may have a strong influence on the plasmonic
properties.

For the investigations, the wire quality was checked with spot profile analysis in low energy electron
diffraction (SPA-LEED). A combination of an electron energy loss spectrometer (EELS) and SPA-LEED
providing both high energy and momentum resolution gave access to the plasmon dispersion.

As quasi-one-dimensional structures, Au-induced wires on regularly stepped Si(hhk) offer the perfect
playground for systematic investigations with their varying terrace widths. Therefore, in the first part of
this work, the systems were prepared to a state, where each of these terraces hosts a gold chain of either
single or double atomic width. Although 1D metallicity is observed, the plasmon dispersion strongly
depends on two-dimensional crossover. On the one hand, this crossover is caused by the feedback of
the spacing of the wires, a so-called interwire correlation. On the other hand, the distribution of the
1D electronic band structure is both affected by the terrace width as well as by the additional structural
elements. Modifications of a quasi-free electron gas plasmon model including calculated electronic band
structures were able to describe the observed plasmon dispersions qualitatively. Widths of the plasmon
loss peaks revealed broadening beyond merely an effect of the lifetime. Adsorption measurements with
molecular oxygen and atomic hydrogen showed the possibility to change the energy of the plasmons.
Though their changes were counterintuitive with an increase of the energy upon oxygen adsorption and
a decrease by hydrogen, the introduced modified model can explain this behavior by changes in their
band structures.

The other system in this thesis is Ge(100)-Au that became renowned in the literature due to its pro-
posed TLL behavior. However, the atomistic structure of these wires is still controversially discussed.
After the optimization of the preparation of the germanium substrate, a detailed analysis of the diffrac-
tion profiles of the gold-induced wire structure highly supports a corrugated structure comparable to
the giant missing row model. Plasmon investigations only showed loss peaks of low intensity. Both
a TLL and a quasi-1D plasmon model were inapplicable for the explanation of the experimental data.
A qualitative description was possible after a modification of the quasi-1D approach to a high lateral
overlap of the density of states with the adjacent wires. This picture highly indicates the system to be

of anisotropic two-dimensional nature instead of a TLL candidate.






Zusammenfassung

Fiir zukiinftige plasmonische Bauteile ist das Verstindnis von niedrigdimensionalen kollektiven Anre-
gungen unentbehrlich. Obwohl grundlegende Theorien der Eigenschaften von niedrigdimensionalen
Plasmonen seit vielen Jahre existieren, sind ihre Vorhersagen dennoch ziemlich unbefriedigend. Mehre-
re Schliisselaspekte der Einfliisse in realen Systemen, wie z.B. Vielteilcheneffekte, Coulomb-Screening
oder der Einfluss der umgebenden Strukturelemente sind noch relativ unerforscht. Dariiber hinaus zei-
gen quasi-eindimensionale elektronische Systeme aul3ergewohnliche Transporteigenschaften. Dazu ge-
héren unter anderem der Peierls-Ubergang oder ein Verhalten als Tomonaga-Luttinger-Fliissigkeit (TLL),
die einen starken Einfluss auf die plasmonischen Eigenschaften haben kénnen.

Die Drahtqualitdt wurde mit niederenergetischer Elektronenbeugung (SPA-LEED) iiberpriift. Eine
Kombination aus einem Elektronenenergieverlust-Spektrometer (EELS) und SPA-LEED, die sowohl eine
hohe Energie- als auch Impulsauflosung liefert, erlaubte die Messung von Plasmonendispersionen.

Durch ihre unterschiedlichen Terrassenbreiten bieten Au-induzierte Drahte auf regelméfig gestuftem
Si(hhk) den perfekten Spielplatz fiir systematische Untersuchungen in quasi-eindimensionale Struk-
turen. Daher wurden sie im ersten Teil so prépariert, dass jede dieser Terrassen eine Goldkette von ei-
nem oder zwei atomaren Breiten beherbergt. Trotz 1D-Metallizitdt hingt die Plasmonendispersion stark
von einem 2D-Ubersprechen ab. Dieser Dimensional Crossover wird einerseits durch die Riickkopplung
der Dréhte zueinander, einer sogenannten Interwire-Korrelation, verursacht. Andererseits wird die 1D-
Bandstruktur sowohl von der Terrassenbreite als auch von zusatzlichen Strukturelementen beeinflusst.
Modifikationen eines Plasmonenmodells fiir quasi-freie Elektronengase, die berechnete Bandstrukturen
beriicksichtigt, konnten die beobachteten Plasmonendispersionen qualitativ beschreiben. Die Plasmo-
nenverlustspitzen zeigten eine Verbreiterung, die nicht blof8 durch Lebensdauern erklart werden konnte.
Adsorptionsmessungen mit molekularem Sauerstoff und atomarem Wasserstoff zeigten die Moglichkeit,
die Eigenschaften der Plasmonen zu verdndern. Obwohl ihre Verdnderungen mit einer Zunahme der
Energie bei der Sauerstoffadsorption und einer Abnahme durch Wasserstoff kontraintuitiv waren, kann
das eingefiihrte modifizierte Modell dieses Verhalten iiber ihre Bandstrukturen erklédren.

Das andere System in dieser Arbeit ist Ge(100)-Au, das in der Literatur aufgrund seines vorgeschla-
genen TLL-Verhaltens bekannt wurde. Allerdings wird die atomistische Struktur dieser Dréhte noch
kontrovers diskutiert. Nach der optimierten Préparation des Germaniumsubstrats legte eine detaillier-
te Analyse der Beugungsprofile der goldinduzierten Drahtstruktur eine Struktur mit tiefen Rillen nah,
die dem Giant-Missing-Row-Modell dhnelt. Plasmonenuntersuchungen zeigten nur Verlustspitzen gerin-
ger Intensitdt. Sowohl ein TLL- als auch ein Quasi-1D-Plasmonen-Modell konnten die experimentellen
Daten nicht sinnvoll erklaren. Eine qualitative Beschreibung war nach einer Modifikation des Quasi-1D-
Ansatzes in Form einer starken lateralen Uberlappung der Zustandsdichten von benachbarten Drihten

moglich. Dieses Bild weist anstelle einer TLL stark auf eine anisotrope zweidimensionale Natur hin.
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Part I:

Physical Principles and Theory






Motivation and Introduction

In the most recent past, low-dimensional systems have attracted an increasing amount of attention. On
the one hand, the ongoing miniaturization of semiconductor electronics led to the limits of classical
physics. Nowadays, modern electronics must at least consider quantum size effects for their descrip-
tion. On the other hand, one-dimensional systems are particularly interesting because of their strong
electronic correlations [1]. This character leads to new physical phenomena such as charge or spin
density waves [2, 3, 4] that may result in a Peierls-instability [5, 6, 7]. This effect drives the system
from a metallic to an insulating state upon cooling and results in the competing energy reductions of
the lattice versus the electronic states. Another effect is the so-called Tomonaga-Luttinger liquid be-
havior that leads to a separation of spins and charges [8, 9, 10] within a bosonic reformulation of the
single-particle spectrum.

Whether or not some of these characteristics are beneficial for future incorporation into more and
more miniaturized electronics, the fundamental grasp of such phenomena must show. However, first
realizations of real 1D systems started in the 1970’s with polymers and organic compounds [1]. As
atomic metal chains are the smallest possible conductors, they can be suitable for the implementation
into electronic circuits.

Apart from such fundamental characteristics, collective excitations of electrons called plasmons are
of particular interest. Surface plasmon resonances of metallic nanoparticles have already been used by
the ancient Romans for colorful cups [11] or in stained-glass windows of medieval churches [12] as
they allow to very selectively sieve wavelengths out of the incident light. Of course, these people where

not aware of any quantum effects when they mixed in gold to their molten glasses. It was not until
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CHAPTER 1. MOTIVATION AND INTRODUCTION

the beginning of the 20" century that Robert W, Williams indirectly observed a surface plasmon [13].
Nowadays, plasmons play a significant role in, e.g., sensor technology by a change of resonance after
chemical adsorption [14], improvement of quantum efficiency in photovoltaic devices [15], and even in
medicine as a sensor for molecular conformation [16] or cancer research as photothermal transducers
[17].

Plasmons in low-dimensional systems, called sheet plasmons [18, 19, 20], came into focus because of
their wavelengths that are typically two orders of magnitude shorter that those of photons at the same
energy. Thus, THz plasmonics and waveguiding on the scale of a few nanometers becomes feasible.
Moreover, theory predicts quasi-one-dimensional metallic channels to feature a plasmonic dispersion
relation that is almost linear, see also Chapter 3. This property makes them perfectly suitable for the
transport of information since their wave-packets do not delocalize over distance.

However, truly one-dimensional systems exhibit an inherent instability. To this date, the experimental
realization of free-standing chains is only possible up to several atoms in length [21, 22]. Therefore,
such structures must be modified by some stabilizing surrounding. One possibility is the construction on
a crystal surface. As this approach is only possible due to the coupling of the wire to the substrate, the
understanding of the crosstalk is of particular importance. Additionally, in arrays of wires, the interwire
coupling has a significant impact on the plasmon properties. Although fundamental theories were taking
into account these effects for many years [23, 24, 25], their predictions are still rather unsatisfactory.
It is one aim of this work to shed some light into the discrepancies between the observed experimental
data and the underlying theory.

1.1 Realization of Low-Dimensional Wires on Surfaces

Within the approach of constraining the wires on a surface, there are several possibilities to obtain
quasi-one-dimensional structures, see also Fig. 1.1 for a sketch of typical examples.

One of these is to start with a two-dimensional system and then restrain it in one of its directions.
Such a two-dimensional system is the Si(111)-(+/3 x +/3)Ag surface [26]. Its metallicity can be tuned by
excess Ag. However, when growing the same system on a Si(557) wafer, i.e. a Si(111) surface with an
intentional miscut of 9.2°, Ag-covered (111) terraces of the +/3-reconstruction will form. Those terraces
are separated by steps of (112) orientation leading to a structure with an expansion in only one dimen-
sion. The resulting metallic Ag stripes have a width of 3.6nm [27, 28]. In this way, a two-dimensional
system was confined to a strongly anisotropic behavior. Investigations of collective excitations showed
a dispersing plasmon along these stripes and standing waves in the perpendicular direction. Therefore,
the transport of information in the form of energy is only possible in one direction, and one may say
the system behaves in a quasi-one-dimensional manner. Still, a tuning of the metallicity is possible for
this system of reduced dimensionality [29, 30]. A similar mechanism also governs the growth of dys-

prosium wires on the same Si(557) surface [31]. These examples show the capability to transform 2D
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(a) (b) ©
Restriction of 2DEG Self-assembly Self-assembly on

Ly S

Figure 1.1: Examples for the realization of low-dimensional wire structures: (a) Lateral restriction of
a two-dimensional electron gas (red) by a vicinal surface like for Si(557)-Ag. (b) Growth
of wire structures (orange) by self-assembly like for Ge(100)-Au. This mode will typically
result in multiple domains with different wire directions. (c) Wire growth (orange) by self-
assembly on the terraces of a vicinal surface like for Si(hhk)-Au.

into confined 2D with 1D properties by the adequate preparation of the substrate.

Another 2D system is graphene [32]. It has the advantage of being a completely decoupled two-
dimensional system of carbon atoms in a honeycomb lattice. It hosts a relativistic electron gas with
high carrier mobilities [33] also leading to long-living plasmons [34]. By growing the system on a
SiC mesa structure, quasi-one-dimensional sidewall nanoribbons can be produced that feature ballistic
transport on length scales larger than 16 um [35].

A different possibility is to directly use the preferred growth mode of various surface reconstructions,
i.e. growth by self-organization, to obtain systems of predefined extent. They form wire-like structures
because of the natural reduction of surface free energy on the surface resulting in a lateral extent of only
several A. Such systems are, e.g. the Si(111)-Au 5 x 2 reconstruction [36], the Si(111)-In system [37,
38], and Ge(100)-Pt [39] as well as Ge(100)-Au [40]. Within those structures, plasmon investigations
supported the development of models for the metal-insulator transition temperature in Si(111)-In [41]
and the exact coverage of the Si(111)-Au system [42].

The wire-like structure of Ge(100) has been chosen in this work because of its proposed Luttinger-
liquid character and its particularly interesting electron pocket band structure, see Part III. However,
due to the geometric distribution of the surface orientations of the domains of the Ge(100) substrates,
there will always be two domains of those wires present. This unwanted behavior can be overcome by
the growth on surfaces that are slightly miscut (< 4°) in the respective direction [43].

A similar class of quasi-one-dimensional wires is the growth of rare-earth silicide nanowires [44]. In
contrast to the systems mentioned above, here, the wire growth is guided by surface strain due to the
lattice mismatch.

Another kind of system only exists on vicinal surfaces that have large miscuts 2 10°. Within this
group, there is Si(557)-Pb [45, 46, 47] which is acutely sensitive to the coverage and can be tuned from
2D to 1D behavior. Moreover, one part of this thesis will focus on such a vicinal-only system: Si(hhk)-Au.

When providing the corresponding submonolayer of gold to the Si(hhk) surface, wires of either single
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or double atomic width will form on the (111) terraces of the substrate. This system is well-suited for
systematic investigation because it allows for changes in the distance and the width of the wires.

The comparison of the systems to each other and with theory can help understanding the correlations
of these intriguing low-dimensional structures. By this means, it is possible to change the situation from
a by-chance-preparation to a controlled construction on demand. A promising potential application
of low-dimensional plasmonic devices is waveguiding with very short wavelengths, leading to much
smaller devices. Within this field, a plasmonic modulator could play a certain role [48]. Further plasmon

based ideas, though mainly focusing on graphene, are given in Ref. [49].

1.2 Structure of This Thesis

This thesis will first give a short introduction to the physical principles of the measurement methods
necessary for the investigations in Part I. That is why the dissertation starts with a summary of the elastic
and inelastic scattering of low energetic electrons in Chapter 2. Thereafter, Chapter 3 introduces the
low-dimensional plasmon theory known from the literature and also extends it for this work. Further
recapitulation of the textbook theory is skipped. Some standard books in the literature are referenced
here for the curious reader and the sake of completeness [50, 51, 52, 53, 54, 55]. Concluding this part,
Chapter 4 gives a short explanation of the vacuum chamber and its primary tools.

In the experimental portion, this work portrays two examples of systems that host quasi-one-dimen-
sional wire structures. Part II will deal with the various Si(hhk)-Au systems and use the inherent nature
of vicinal silicon to form terraces of tunable width. These terraces host spatially restricted electronic
states. For these systems, Chapter 5 shortly summarizes the current state of research. In Chapter 6
the structural properties are discussed with an estimation of the attained quality. Finally, Chapter 7
deals with the plasmonic excitations in Si(hhk)-Au. First, a general description is given. Then, the
plasmon theory introduced in Chapter 3 is extended to implement numerically calculated electronic
band structures. The chapter ends with a discussion about the obtained peak widths and height and
their correlation to plasmon properties, such as lifetimes. Finally, Chapter 8 leads a discussion about
the modifications to the electronic structure of Si(hhk)-Au by the adsorption of oxygen and hydrogen
of the surfaces using the models derived in the previous chapter.

Part III deals with the Ge(100)-Au system that hosts a quasi-one-dimensional system by a self-organized
surface reconstruction upon gold adsorption. Also here, a summary of the state of knowledge in the
literature is given in Chapter 9. Since obtaining high-quality samples of germanium is not as easy as for
silicon, a spot profile analysis in LEED is carried out for the system. It systematically investigates the
change of roughness and terrace sizes after several sputtering and annealing cycles of the surface. This
spot profile analysis is also extended to the gold covered surface. Chapter 11 deals with the collective
excitations in this system that are visible from peaks with very low intensities in the loss spectra. Two

attempts to describe this system with one-dimensional plasmon models are presented: a Tomonaga-
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Luttinger liquid approach as well as a quasi-free one-dimensional model.
In the end, Part IV of this thesis summarizes the findings, evaluates the results, and gives an outlook

for future investigations.
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Low Energy Electron Diffraction

One of the standard methods for the crystallographic investigations of surfaces is the diffraction of low

energetic electrons. It is also the key method during this thesis. Their wavelengths calculate by
AR) = || 222 2.1)

to values between 1.23 A to 2.24 A for energies in the range from 30eV to 100eV and are, thus, in the
dimension of the inner atomic distances in crystal lattices. Due to a high electron-electron interaction,
the enhanced cross-section of the electrons with the solid leads to a penetration depth as low as 1A to
8A in that energetic region [56]. Conclusively, signals obtained by scattering only originate from the
first atomic layers.

In the simplest case of purely elastic scattering, constructive interference has the following condition:

Ky =kye=ky ;=G (2.2)

Accordingly, a so-called Bragg-peak will occur when the part of the scattering vector parallel to the
surface K | coincides with a reciprocal surface lattice vector @||. Here, Ell,i is the initial or incident and Ell,f
is the final vector of the scattered electrons. Perpendicular to the surface, the periodicities are undefined.
Assuming an infinite distance to the next neighbor, then, in reciprocal space, the distance is infinitely
small. The inverse of infinity leads to Ewald-rods standing perpendicular on the two-dimensional surface

in k space, see also Fig. 2.1.
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CHAPTER 2. Low ENERGY ELECTRON DIFFRACTION

2.1 Kinematic Approximation

A way to describe diffraction is to coherently sum up the phases of electron wave functions. Also in that
case, the scattering is described as already pointed out in Eq. 2.2 by a scattering vector K describing the
difference between initial E and final wave vector 7{}. The kinematic approximation assumes only a sin-
gle scattering process on the surface. In contrast to X-ray diffraction with complete bulk sensitivity and
He-diffraction with extreme surface sensitivity, electrons are elastically scattered within the first layers
of a surface. This character justifies the approach of only single scattering. The depth-dependence is
represented by a fade-out of the contrast in Fig. 2.1 (a). Without a precisely defined G, on a surface,
constructive interference is possible for almost every vector in reciprocal space perpendicular to a de-
fined surface diffraction condition leading to the formation of the already mentioned Ewald-rods with

only a slight modulation, as depicted in Fig. 2.1 (b).

With surface atom positions at 7,,, the amplitude of the resulting wave function is given by [57]
V(&)= £ (R, %) x exp (iKT,). 2.3)
n

In this context, f,, is the structure factor of the n-th atom that contains information about the scattering
properties such as amplitude and phase. Those f,, might vary over the whole surface even for the same
kind of atom depending on its neighborhood and altering bonding conditions. Unfortunately, instead of
the amplitude W, the intensity I = |¥|? is measured in an experiment. As a consequence, all information
about the phase is lost and a direct information about the texture of the surface cannot be obtained.

The diffracted intensity is given by

1(R. k) =|¥(K, ki)|2 = Z fu (R, &) £ (R, &;) x exp (iK (7 — ) 2.4)
n,m
and mainly determined by the surface lattice.

When all atoms sit on perfect lattice sites, the surface lattice can be described by:

-

fp=7(n,+n,)=dn,+d,n, + d,h, (2.5)

= api + azhn (square lattice) (2.6)

Integer multiples of the surface lattice vectors d, and d, define the lateral positions of atoms, the
surface morphology for its part is described by d,h,, with a height factor h, for the unit cell at position
n and the step height vector d,.

In the given parametrization and with an averaging (...),, over all m the intensity results as

I (I?, 7%1) = Z <f (ﬁ +m, K, E)f* (nﬁ,fé, 7{1) X exp (idZKl (h(n+m) — hm))>m X exp (iaol?”ﬁ). 2.7)
n
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Figure 2.1: Simplified surface for electron diffraction (a) with the most contributing electrons and re-
sulting surface rods (b) with only a slight intensity modulation due to the small penetration
depths. Images taken from Ref.[57]

Here it becomes visible that both morphological as well as structural information influence the intensity.
Within the kinematic approximation, K| is a complex number in order to take into account the residual
depth-dependence. To obtain details about the atomic structure in the unit cell, the diffraction spots
have to be investigated as a function of electron energy and incident angles in combination with a theory
that also includes multiple scattering. This can be achieved by intensity and energy dependent scans

for smooth surfaces as it is put into practice by IV-LEED.

2.2 Spot Profile Analysis

The spot profile analysis carried out in this thesis relies on the kinematic approximation of only single
scattering with some additional approximations. A discussion of multiple scattering effects on dis-
ordered surfaces is available in Refs.[58, 59]. One of these simplifications is the replacement of all
structure factors by an average value f = (f (i, K, Ei)). Indeed, this simple picture is only valid for flat
surfaces with atoms of one kind. Additionally, merely small deviations are expected for different bond-
ing conditions that occur on step edges. However, a variance is expected for differing atom species.
Despite the fact of having a metal-semiconductor intermixed new surface unit cell consisting of two
entirely different atoms in diverse binding varieties for the given systems, this approximation is applied
in Chapters 6 and 10 for a rough approximation to the surface properties. A further approximation then
must be that the different scattering factors f,, only lead to a slight phase shift in contrast to scattering

on atoms with fg; or fg.. This phase shift will then behave like a virtual change in the height h,,. It will

29



CHAPTER 2. Low ENERGY ELECTRON DIFFRACTION

be shown that it is even possible to qualitatively derive reasonable results.

For these given approximations, the intensity splits up into a dynamical form factor and the lattice
factor given as
I(I?,?()I)ZF(I_&,EL)XG(I_&). (2.8)
Here, the dynamical form factor is simply the absolute square of the structure factor. The lattice factor
is only depending on K as

2
G(K)= zi > exp (iagR i) x exp (idR  hy)| - 2.9)

T
n

As the lattice factor does not change the integral intensity of the spots, the total intensity is conserved
and normalized to unity. Therefore, it is independent on surface morphology and incident momentum
~ K | . Experimentally the lattice factor can be obtained by the assumption of F (I? , 7&1) having only slight
variation compared to the structure factor as described in Ref. [57] by

1;; (K)
Sz AR 15 (Ky)

Despite these substantial simplifications made, the morphology of a sample with various steps can be

G(I%)%

(2.10)

explained besides the general description of diffraction patterns. The access to the morphology is pos-
sible by the Lorentzian and Gaussian parts of the shape of the refraction spots, and it can be used to get

further insight into the lateral and vertical roughness of a system.

For these investigations the scattering phase S is introduced due to reasons of simplicity: Its integer
numbers directly denote the energies of constructive interference, half-integers correspond to destruc-
tive interference. The definition directly refers to the Bragg condition

nA = 2d, sin 6 (2.11D)

for simple reflection of a scattered wave front with incident angle 0. Substituting the wavelength A by
the momentum k = 27t/ A, this correlation can be reformulated for a perpendicularly incoming beam to

KJ_dz
.

S= (2.12)

2.2.1 Lateral Roughness

When approximating a system simply as a two-level system in one dimension, a geometric terrace width

distribution of mean terrace size (I') results in Lorentzian profile [57]. This average size can be derived
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2.2. SPOT PROFILE ANALYSIS

directly from the diffuse Lorentzian background of the profile for any scattering condition via

4
FWHM'

(T) (2.13)

However, for a surface with a multi-level roughness [57] and only steps of single atomic height, the
normalized shape of an uprising diffuse part of the scattered intensity I(K|) varies with the scattering
phase S [60, 61]. For any scattering condition except integer S, there are destructive interferences,
with an intensity minimum at half-integer S. This broadening is of Lorentzian shape and convolved into
the Gaussian distribution that describes the diffraction spot. In this case, the FWHM of the Lorentzian
distribution H(S) is directly proportional to the mean terrace width (I') as a function of the scattering

phase S via the expression
1

H(S) = ——[1—cos(27S)]. (2.14)

n(T)
This result describes an approximation for a simple one-dimensional case and is the main method in
this thesis to quantify the surface morphology. It is often referred to as H(S) analysis. The formula but
only describes the case of a domination of steps of single atomic height. A more generalized form for

multiple step heights is
o

H(S)= Y —™ [1—cos(2nSh)]. (2.15)

h> n(F)

>1

In this equation, o}, are the probabilities of the occurrence of a step height h x d,. Whenever there
are multiple steps (> 2) involved, the situation becomes imprecise, albeit, their values are directly

accessible.

For a domination of only one step height, a particular and straightforward form results for the out-
of-phase condition for half-integer values of the according S. Here, the terrace width directly estimates
from the FHWM via

FWHM_p11/2 = 2 (2.16)

(T
A slightly better estimation is possible when taking the difference between the in-phase and out-of-phase
values to reduce systematic errors from the measurement. The device adds an offset to the recorded

data as there is an intrinsic widening due to an always imperfect beam focus.

Further special cases for various surface simplifications are described in Section 2.2.1 of Ref. [57].

2.2.2 Vertical Roughness

The normalized central peak, i.e. the fraction of the central spike of the integrated peak intensity, can
be used to obtain information about the vertical roughness [57] because it determines the variation of

the central spike with K| as given in Eq.2.9. This so-called G(S)-analysis depends on the distribution
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CHAPTER 2. Low ENERGY ELECTRON DIFFRACTION

of surface atoms at different height levels via

G(Kj=0,5)= Y Cycos(2mSh)=1—»_ C4[1—cos(2nSh)]. 2.17)
h h>1
Here, all C; denote the height correlations depending on the fraction of visible surface atoms p;, =

6, — 0,41 that in turn depend on the specific coverages 0; of layer h. The sum of all Cj, is unity. Their
relationship is given by

+7
1
Ch = E PiPh+1 = %J‘ dSG(S)COS (27TSh) . (218)
[ -7

The height correlations and, subsequently, the height distribution can be experimentally determined by

either a Fourier transform of the G(S) curve or an appropriate fit to its data with Eq.2.17.

Another quite simple approach is the characterization of a surface’s RMS-width Agy;s. When consid-

ering only scattering phases close to the in-phase conditions, G(S) can be approximated by
G(S) ~ exp[—AZ, s (2155)?] (2.19)

around the variation of the central peak §S as proposed by Wollschléger et al. [62, 63]. In this equation,
the RMS value of the available level heights given calculate after Ref.[61] as

AZyo = (%) — ()2 =" Cyh?. (2.20)
h

These given formalisms allow to determine and optimize the surface quality of the germanium sam-
ples and to obtain further insight into the formation of the gold-induced wire structure in Chapter 10.

2.3 Inelastic Scattering of Electrons

Apart from the structural properties that are accessible by elastic scattering, inelastic scattering can be
used to obtain information about excitations in a system. Such excitations could be, e.g., plasmons or
phonons. The description of the energy loss of an electron needs further insight into the interaction
between the incoming electron and the surface itself. Due to the high correlations in the solid, this issue
may become very complicated. Therefore, any simple approach only leads to a very limited picture.
However, two limiting cases shall be discussed in this section: In the long-range interaction regime,
dipole scattering is an adequate description. In contrast, short-range interactions are characterized best
by the so-called impact scattering. Nevertheless, it should be mentioned that there is no sharp boundary

between them.
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2.3.1 Small-Angle Inelastic Scattering by Dipole Fields

Strong scattering at small angles can be caused by long-range dipolar fields that are generated by molec-
ular vibration. Indeed, any elementary excitation of a sample can lead to dipolar scattering when si-
multaneously a fluctuation in charge density is induced.

Within these considerations, the ground state charge density in a semi-infinite crystal py(¥) is dis-
turbed [64]. It then becomes py(X) + p1(X, t) while keeping the whole system neutral. Therefore, the
condition

Jd?’xpl()_c’,t) =0 (2.21)

has to be fulfilled. These fluctuations only rearrange charges already present. An electron with its

charge e traveling to the surface for a scattering process will see the electrostatic potential

1 d3x'p(X, ¢
@(%,t)= Xp 1(f ). (2.22)
aney J,o  IX—X|

Here, the sample with its induced density fluctuation is extended only in the negative z-direction. Re-
tardation effects are ignored, any information about these fluctuations is transmitted instantly. After a
reformulation using the scattering vector I%II of Eq. 2.2 this potential as seen from the electrons outside
of the crystal reads

2
p(X,t)= 1 J dKK” exp (iK% ) x exp (—Kz) J dz'p (K, 2, t) exp (+Kz’) (2.23)

I 2/<0
with a partial Fourier transform of the charge density fluctuation p;(K,z’,t). A contribution to the
potential with spatial variation exp (il?”)_c'”) must necessarily decay when moving away from the sample
as exp (—K”z). In the given relationship, the right integral is responsible for the scattering event of an
incident electron with wave vector 7{} via the part of the scattering vector parallel to the surface K |- In this
description, the components of the scattering vector parallel to the surface I?” are conserved. However,
there is no conservation of the perpendicular part of the wave vector. Therefore, a loss of energy AE for
a given K during the scattering process will define the direction of the outgoing electron. Additionally,
the potential’s extent into the vacuum can be approximated by K N 1. Therefore, the excitation probability
will be higher for longer wavelengths, and, in conclusion, also the interaction time will be longer.

Furthermore, for the observation of inelastic scattering, an additional momentum transfer to the
electron is necessary to invert the direction of k Li- This momentum will be provided by an elastic
scattering on the crystal itself. As various additional multiple scattering paths are still possible, most
of the electrons will penetrate into the bulk. Only some of the incident electrons experience elastic
scattering, i.e. diffraction on the crystal lattice, of which merely a fraction scatters inelastically.

The calculation of the given formal description is possible by inserting Eq. 2.23 into the Schrédinger

equation. Its solution is possible by perturbation theory in Born approximation [65, 66]. While there are
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—| A

bulk

Figure 2.2: The two most dominant inelastic scattering processes in the dipole approximation: The
inelastic scattering depicted by the green circle may take place before (a) or after (b) an
elastic scattering on the surface. The elastic scattering amplitudes R, and R; are not neces-
sarily the same. Depicted by the dashed grey lines is the elastic scattering path. The sketch
was inspired by Ref. [64].

also possible scattering events involving a large momentum transfer, the cases depicted in Fig. 2.2 (a)
and (b) only involve small angle scattering. These processes, where the difference |k, ;|—|k, ¢| is only a
small fraction of k| ;, result to be the dominant contribution to the cross section. Nevertheless, a distinc-
tion between these two cases has to be done because the probability amplitudes of specular reflection for
the incident electron R; and the already scattered one R, are not necessarily the same. However, when
the angular deflection that the electrons experience is small, it is reasonable to approximate R; ~ R..
The scattering efficiency is then described by [64]

d’s _ 2meetvi (ﬁ) R e) (2.24)
= 4 . > 2 .
d(k)dew  m2htcosf;  \k; [v2K2+ (0 —7K))"]

Here, 6; is the angle of incidence with respect to the surface normal, see Fig.2.2, v and v, are the
parallel and perpendicular parts of the velocity of the incoming electron with mass m, and charge e.
Concluding from this relationship, the inelastic intensity increases with higher angles 6; due to the
extended interaction time with the surface. Please note, that at low energies very fine scale resonances
can appear in |R;|? under certain conditions due to the image potential of the incoming electron [67].

In this case, the approximation is no longer valid.

In the Eq. 2.24, P (I_{' B w) describes the response or probability of the system to a particular excitation.

The simple case for a two-dimensional electron gas on a dielectric substrate [68] can be expressed by

P(K)w)= 21K [1+ngp(w)] x 3 —#; : (2.25)
T €(K||, CL)) +1

In this relation, § denotes an imaginary part, where € is an effective wave-vector dependent dielectric
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function as seen by the incoming electron. Far away from the surface it is determined by the dielectric

function of the bulk €y, in the vicinity of the surface by the one of the surface ¢,. The dependence on

-1
ngp(w) = [exp (:_c;) - 1] (2.26)
B

directly shows a strong dependence on the transferred energy during the scattering process.

the Bose-Einstein statistics

2.3.2 Impact Scattering Regime

The physical picture of impact scattering events differs qualitatively from the small-angle dipole as
described in the last section. Interaction only takes places within a region of a maximum distance of
typically 1A from the surface. Therefore, one can say that these inelastic events happen inside the
structure and a microscopic theory is necessary.

A description is possible by scattering on short-range crystal potentials. Because of the interaction
very close to the surface, no influence by mirror dipoles is present. Considering a macroscopic but finite
solid with nuclei at positions R; and its collection denoted as {R}, the amplitude of the solution of the
Schrodinger equation results in a function f (_léi,?('f, {R}). For fixed atomic positions on a lattice, the
result is the solution of low energy electron diffraction as given by Eq. 2.2. But the nuclei are not fixed
in their equilibrium positions at each point in time. Thermal vibrations lead to displacements u; for
each position according to

Ry(t) =Ry +;(t). (2.27)

As a consequence, the solid is disordered and not all electrons behave as predicted from the Bragg
condition. A certain fraction is scattered away to form a thermal diffuse background.

In Ref. [64] an expansion of the scattering amplitude in powers of u; has been carried out to quantize
the vibrational motion. The cross section for inelastic scattering from the surface with the creation of a

vibrational quantum Kja, i.e. a phonon, results in

dSa(ch’f) _ mE; cos? 6;
dQ 2m2h? cos 6;

x A|M (K, ke, Ky)| (2.28)

Here, additionally to the same notation as in Eq.2.24, E; is the incident energy of the electron, and
0¢ the angle of the scattered or final electron. A is the surface area of the crystal. M is the matrix
element describing the creation of a vibrational quantum and is expressed in terms of the derivative
of the scattering amplitude to nuclear displacement df/JR. For an exact calculation, however, the
vibrational modes have to be known leading to a defined structure in the energy variation of the loss
intensity. As it was explicitly calculated for phonons in this case, the matrix element M may also express
other excitations, such as plasmons.

Furthermore, the decrease of the elastically scattered intensity and the associated increase of this
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diffuse background is calculated by the same ansatz of Eq. 2.27. As described in Ref. [52], it results in

1 kgT
I=Iyexp|—=(u?(t )ZI ex (— B Gz). 2.29
op(3<()> oexp (5 (2.29)
This correlation is called the Debye-Waller factor [69, 70], where <u2(t)> is the mean thermal displace-
ment square of all nuclei, m, is the mass of these atoms, w = /k,/m, results in the spring constant
k,, of the interaction between the atoms with mass m,. Please note, that not only the elastic intensity,
but also the inelastic intensity will be reduced by this factor.
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Plasmons in Low Dimensions

Plasmons are the quantized longitudinal collective excitation of the electron density in a solid. Thus, a
plasmon is the quasiparticle of the density fluctuation of the electrons in metal. Classically, one can think
of a plasmon as an oscillation of the electrons with respect to the fixed positive ions in the background,
in a very simple way comparable to a water wave. For the approximation at long wavelengths in a
typical three-dimensional quasi-free electron gas case a plasmon will have the following energy [71]:

ne2
EP = hCOP =h

e€eom* (3.1)
This is called the plasma energy. Consistently, wp is referred to as the plasma frequency. This relationship
shows a basic characteristic: the ability to change the energy of a plasmon by the adjustment of the
electron density in the corresponding system. This square root dependence seems to survive even down
to the smallest systems as measurements on low-dimensional systems showed [30].

The dispersion relation of a plasmon can look quite different depending on the choice of dimension-
ality, as shown in Fig. 3.1 for a same electron density parameter r, cf. Eq.3.15. As the plasmon energy
is constant for a 3D system, at a critical wave vector k. the plasmon mode enters the blueish electron-
hole pair continuum. The plasmon then decays by emitting electron-hole pair excitations damping it
steadily. This effect is called Landau damping. Among other possible damping mechanisms like disorder
or any momentum transfer, this is the most effective one. The upper boundary of this Landau regime is

always the same for systems of all dimensions. Just the lower boundary changes due to the additional
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Figure 3.1: Comparison of the plasmon dispersion relations in 1D, 2D, and 3D: Given by the blueish
region is the electron-hole pair excitation spectrum with upper boundary w, and lower
boundary w!P for one dimension. Here, Landau damping hinders plasmon propagation.
For 2D and 3D, the green hatched region can be allowed depending on the band structure.
The curves have been taken from Ref. [72].

excitation channels. Fig. 3.1 only shows the lower boundary for the one-dimensional case. The region

in hatched green can, therefore, still provide possible single-particle excitations for 1D and 2D.

The dispersions of the lowest order in 1D and 2D start similarly at zero energy. The 2D case tends to
converge strongly to the upper boundary of the single particle excitation, while the pure 1D dispersion
has weak curvature, and is almost linear like the situation for light. A similarity of all plasmons is that
their dispersions are energetically always located above the upper boundary w,. In combination with
wavelengths of around three orders of magnitude shorter compared to an electromagnetic wave in free
space of the same energy, low-dimensional plasmons provide promising features. Understanding the

various influences on the plasmon properties is one the aims of this chapter.

3.1 Theoretical Determination of Plasmons in Quasi-Free Electron Gases

For the calculation of the properties of a plasmon, one primarily needs to know the dynamical structure
factor S(k, w) of a system that contains information about inter-particle correlations and their evolution
in time. It is proportional to the imaginary part of the inverse of the dynamical dielectric function

5[e(k, w)™!]. In the random phase approximation and for any kind of plasmon, the dielectric function
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is always expressed by
6(k9 CL)) =1- Vc(k)XO(kJ O)), (32)

where v,.(k) is the Fourier transformed Coulomb interaction and y,(k, w) is the electron gas polariz-
ability for the corresponding dimension [72].

The zeros of the real part R of the complex dielectric function define the dispersion:
Rle(k,2,)]=0 (3.3)

In this case the frequency is complex, such that z, = w, + ia, where w, defines to the dispersion
and a the damping and, consequently, the lifetimes of the resulting plasmon. For the possibility of
oscillations, the imaginary part of the dielectric function has to be low, i.e. only minor damping is
allowed [73]. When using the dielectric formalism, the response of electrons to a weak space-time
dependent external longitudinal electric potential is described by the density response function, also
called Lindhard function:

XO(kﬁ w)
1- Vc(k)[l - Gcorr(k)]xo(k’ w)

x(k,w) = (3.4
Here, the plasmon excitation energy can be obtained by the poles of the equation. Thus, for the de-
termination of the dispersion relation, the Coulomb interaction v.(k) needs to be well-known. G,
describes a correction factor due to local fields extending the simple approach of the random phase
approximation. Setting G, = 0 in Eq. 3.4 is one of the simplest approximations possible. The relation

then becomes
Xo(k, w) _ 2o(k, )

1—v.(K)xo(k, @)~ e(k,w)

This description takes neither any damping nor field correlations into account and is identical to the

1k, w) = (3.5)

pure RPA approach of Eq. 3.2.

3.2 Quasi-One-Dimensional Approach

One way to describe a one-dimensional system is to neglect the peculiarities that often originate from
strong electronic correlations [1] in such systems and to use a quasi-free electronic approach. As also
mentioned in Refs. [25, 72, 74], an approximation for the wave function of a wire along the x-direction

is given by
ik”x

VL

The wave function ¢(y,z) describes the system in the y and z-directions by considering the finite

U(x,y,2z)= ¢ (y,2). (3.6)

width in the directions perpendicular to the 1d wave vector k| along an idealized quantum wire of length

L. These wave functions can be chosen from a particle-in-a-box confinement [ 75] or quantum harmonic
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oscillator [76] for an expanded electron density in the given direction. For a stronger confinement
in the z-direction, one can use a so-called Stern-Howard variational wave function [77] describing an
exponential decay of the electron density or even a Dirac delta function to ignore this dimension entirely
making the approximation truly two-dimensional. Ref.[74] compares the influences of various ground

state wave functions:

I. Harmonic confinement in a tube with effective diameter b and R = 4/ y2 + z2:

1 2
R) = exp| ——— 3.7
PR= p( 4b2) 7
II. Infinite square-well confinement in y and z with the confinement size a:
2 . (TTy\ . (T2
o(y,2)= —sm(—)sm(—) (3.8)
a a a

III. Infinite square-well in y direction and the variational wave function {(z) [77] in z:

o(y,2)= \lgsin(na—y) X @z exp (—%) (3.9)

¢(2)

IV. Harmonic confinement in y like in eq. 3.7 and 4/6(2) in 2:

d(y)= (3.10)

1 y2
Vanb? 4b?

V. Square-well confinement in y like in eq. 3.8 and +/6(2) in 2:

o(y)= \Esin(%y) (3.11)

Within these formulations, a denotes the width of a square-well potential and b is the width of a har-
monic potential at the ground state. Among other descriptions that might be physically correct, these
five describe the limit cases. They mainly differ in their kind of extent in the form of a tube or a flat
2D channel and their edges of the potential. Hard walls result in a square-well, whereas harmonic con-
finement mimics softened edges of the channel. This approach considers only ground states in y and z,
i.e. perpendicular to the conduction channel, as the confinement size is tiny and, therefore, sub-band
excitations need extremely high energies.

Having defined the ground state wave function, the Coulomb interaction matrix element v, (k) that

is necessary for the computation of the plasmon dispersion from 3.2 can be obtained by solving the
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(a) Wave function dependence

(b) Electron density dependence
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Figure 3.2: Parameter influences to the plasmon dispersion: (a) Influence of the ground state wave
function. For a given set of system variables (top left), the resulting dispersion relations
of square-well and harmonic potential are shown for both 1D and 2D confinement. The
dotted curves are for RPA numerics showing the error of this method compared to STLS
typically taken into account. (b) Influence of the electron density factor r;" (higher value
means lower density). When lowering only the density in the 2D harmonic confinement,
the STLS approximation suppresses the dispersion for higher momentum making it essential
for such systems. All data haven been taken from Ref.[74].

integral
2

ve(k) = fdyjdi'deJdi 19y, 2)I219(7, )1 x Ko (kR). (3.12)

Here, € is the averaged permittivity of the environment, K|, is a zeroth order modified Bessel function

2€e 0

of second kind, R = 1/(y — 7)? + (z —£)2. Please note that for the square-well potentials the integrals

can only be obtained numerically, while an analytic solution is possible for harmonic confinement.

With the one-dimensional free electron density response function xéD, the poles of Eq. 3.4 define the

dispersion relation of the corresponding plasmon via [74]

w? eAlk) — 2

wp(k) = A — 1

(3.13)

with w, as the upper and lower boundary of the single electron-hole pair continuum. A(k) is a function
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of the Coulomb matrix element v.(k). Both are defined as:

. Alk) = x
m m*gsvc(k) 1— Gcorr(k)

(3.14)

n(k%/2 + kkg) n%2mk 1
wy = -
Here, g, is the spin degeneracy factor that can be either 2 or 1. For the calculations of this work, the
local field correction factor G, (k) originates in a self consistent mean-field approximation developed
by Singwi, Tosi, Land and Sjélander [24] to consider electronic correlations — it is often abbreviated as
STLS.

Ref. [74] carries out numerical calculations for the models listed above and data from the Si(557)-Au
system with width a, b = 0.4nm, m* = 0.56m,, kz = 4.1nm™ !, g, = 2, and €g; gyrface = (11.5 +1)/2.
Accordingly, the density parameter computes to r; = 0.33, see Eq.3.15. The results are shown in
Fig.3.2(a). The curves show a substantial difference depending on the confinement model. Harmonic
confinement leads to a redshift in the plasmon energy compared to a square-well potential, as well as
2D confinement does compared to 1D confinement models. There is also a redshift when using the
STLS approximation compared to pure RPA. The highest difference between those two in the given data
is also shown by the dotted purple line for the 1D square-well model, all other dispersions have lower

difference.

The STLS correction factor increases with higher k and has a higher value for all k for more densely
packed electrons. It tends to redshift the plasmon energy compared to RPA. As shown in Fig. 3.2 (b),
it is stronger for lower electron densities, i.e. higher r}. Particularly, it has to be taken into account
for systems a/r; < 1nm [74] where a is the confinement width and r is the dimensionless electron
coupling or density parameter. This parameter can also help to compare electron systems of various
parameters and dimensions [78] and for 1D is given by

)
N 1 . A4meegh

rl=— aj= 3.15
* 2naj 0 m*e2 ( )

with ajj as the effective Bohr radius in a dielectric. Instead of 1/2 a prefactor of 8/ 72 may be imple-
mented to refer to the residual extent to 2D of quasi-one-dimensional systems [72]. This inconsistency

may sometimes lead to confusions.

However, the error between pure RPA and its enhancement with STLS is typically only < 10% [74,
79] for the systems investigated. Therefore, the STLS approximation could be neglected or strongly
simplified. As for the computations carried out in this thesis, an empirical STLS simplification from the

data of Ref. [74] was implemented that helped to minimize the mentioned error. Approximating with

Geore (k) = 0.3g, VKA ™) +0.8k(A™) (3.16)

can be justified by the fact that for all used systems the density factor is of the comparable value r} ~ 0.3
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when setting g, = 2.

3.3 Arrays of Quasi-One-Dimensional Wires

As most of the one-dimensional wires grow via self-assembly on a surface, they arrange themselves into
arrays. Now, in the vicinity of an isolated wire, there are infinite additional electronic channels with
distance d. In a simple approach, this will add a term to the Coulomb matrix element describing the

influence of the additional electron density [79]:

veli(k) = ve(k) +vA™ (k) (3.17)
M~ S—W—
intrawire interwire

This additional Coulomb interaction can be described by the following integral [25]:

2
Ve (k)™ = g% f dyJ dS'J de dz ¢ (3, 2)12lp*™ (3, 2)1* x Ko (kR) (3.18)
0

It calculates the interaction strength between the central wire ¢(y,z) and electron density around it
¢ (§,%2). The surrounding density results in regularly aligned wave functions with distance d without

the central wire wave function:

TV (y,z)= > (y—1d,z) (3.19)
10

Other approximations also take feedback or k-angle dependence into account as it has, e.g., been done
by Inaoka [79] or Das Sarma et al. [25]. In this thesis the low-k blueshift is just modeled by an electron
density surrounding and wave function overlaps giving already quite sophisticated results for systematic
investigations. The source code for the numerical determinations of v, is available in the appendix of
this work.

Fig. 3.3 (a) shows the calculated data for two cases: the harmonic and the square-well potential
ground state wave functions, corresponding to models number IV and V. For the determination of the
dispersion relations the same variables as for the calculations from Moudgil et al. [74] have been used,
cf. bottom right of (a). G(k) was approximated with the STLS simplification suggested in Eq.3.16.
Comparing the two dispersion relations, the harmonic model tends to converge faster to the upper
boundary of the single particle excitation spectrum (top black curve). For a single wire (dotted curves)
both dispersions are very flat with a difference of around 100meV ~ 10% at k = 0.15A " = 0.37kg.
The periodic arrangement leads then to an expected blueshift (solid curves) for lower momentum as the
Coulomb interaction strength for long wavelengths is highly increased by the surrounding additional
electron density. In the given data, the wire array was simulated by five wires on both sides of the

original channel, leading to a total value of 11. Please note that the initial inclination of the slopes is
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Figure 3.3: Calculated plasmon dispersion relations with corresponding wave functions: (a) Resulting
dispersion relation for 1D confinement in a square-well (red) and harmonic potential (green)
for a single wire (dotted) as well as in an array of altogether 11 wires (solid). The dispersion
for a multiple wire setup is blueshifted for lower k for both states, for harmonic confinement
the slope converges to the upper boundary of the single excitation faster. For the calculation
the STLS simplification was used, cf. Eq. 3.16. (b) Squares of the absolute value of the used
wave functions for the calculations. The single wire is given in blue, the surrounding array
structure in dotted green. Both widths are the same, but due to the softer margin the wave
function for the harmonic confinement is stretched out leading also to an overlap.

in each case the same for harmonic and square-well confinement. Here, only the total electron density
of the system, the effective mass, and the long-wavelength Coulomb interaction are important. A low-k

approximation describes this initial slope by [25]

E(k) = hewoka x || Ko(ka) +2 . Ko(kld) (3.20)
=1

when using the long-wavelength limit of v.(k) in Eq. 3.2. Here, w, is a system specific constant given

2ne?
wog=\|—"—=. 3.21
0 4meeom*a? (3.20)

Fig. 3.3 (b) shows the densities of the used wave functions for both square-well (top) as well as har-

as

monic confinement (bottom). Depicted in blue is the single channel wave function, in dotted green the
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surrounding array’s wave function.

Although both systems share the same width (a, b = 4A), the probability’s density |®(y)|? is much
wider for the harmonic case as here the margins are not hard and therefore the wave function can spill
out. The effective width seen in, e.g., scanning tunneling spectroscopy maps is therefore much wider

for the harmonic potential. These observable widths of the square-well and the harmonic case are

1
Weqw = Ea, Wharm = 2V 21n2b. (3.22)

The spill-out of the wave function also has a significant influence on the surrounding array. As can
be seen in the bottom of Fig. 3.3(b), the wave functions overlap, leading to a non-vanishing probability
between the wires. For the square-well potential case, the probability here is 0. This overlap can also
explain the more 2D-like behavior of the green curve in Fig. 3.3(a) when comparing it to the general
slopes of Fig.3.1. A plasmonic excitation in an array of wires on atomic scales, therefore, is on the
margin between 1D and 2D making it a crossover of dimensions.

Nevertheless, when setting the given observable widths to the same value wyo = Wq, while still
having only small overlaps in the harmonic case, i.e. W}, S 0.5d, the same plasmon dispersion builds
up. That means that for systems with electronically quasi-separated wires only the lateral distribution
of the electrons on the surface is important.

3.4 Plasmons in Tomonaga-Luttinger Liquids

Within the framework of highly correlated electrons in one dimension, a description of a 1D system is
the Tomonaga-Luttinger liquid (TLL) model [9, 8]. In contrast to a 2DEG confinement of the quasi-one-
dimensional case above, this model represents a strictly one-dimensional case with the approximation
of electron-hole excitation spectrum being of purely linear shape. This kind of slope introduces two
species of fermions: right and left movers, cf. Fig. 3.4. Density fluctuations p(k) in such a system are
only a superposition of particle-hole excitations with their operators ¢ and ¢’ [1]. They have a defined

energy for a given momentum, and a spinless model is provided by

pl(k)= ZCLkC”' (3.23)

n

Being a combination of two fermionic operators, p'(k) is of bosonic nature. One result of this bosoniza-

tion is that for excitations in only one species (called g, processes, cf. Fig. 3.4) a renormalization of the

U= (1 + M) (3.24)

Vg

velocity

takes place with a renormalization constant g4. For long-range interactions, this constant is given by

the Coulomb potential v.(k). In that case, also the renormalization has to be calculated k-dependent
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g, process
(F
\) >

left movers right movers

Figure 3.4: Assumptions of the Tomonaga-Luttinger liquid model: The electronic states are linearized
leading to two species of electrons: left movers and right movers for negative and positive
inclination. A density fluctuation as a superposition of single particle excitations can be
described by using only one of these species, a so-called g4 process.

and results in

u,(k)K,(k)=vz and

up (k) F(1+ 2Vc(k)) (3.25)

— =
K, (k) hmvp

with K, as the Luttinger electron interaction parameter used in the power laws and u,, as the renor-

malized velocity of electron density excitations. From these equations, the plasmon dispersion relation

2v (k)
C()p(k) = kup(k) = kVF 1+ F\/F (326)
| —

1/K, (k)

can be derived to

This result is the same as the results of the quasi-free electron gas theory for 1D when ignoring higher
order terms @(k>) [72]. However, in contrast to the RPA approach, the Coulomb interaction v, is only
given due to the screening by external electrons. When taking a quantum wire with diameter a in an

isotropic medium of electrons, a phenomenological form [80] of the potential in real space is

62

R — (3.27)
4neegVr? +a?

Vc(r) =

Taking into account the cut-off behavior and, therefore, the long-range interaction (g — 0) of the

potential, a Fourier transformed representation is given by

62

ve(k) = 24 Ko(ka)+ C(a). (3.28)

TEE 0
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Here, C(a) is a constant with a logarithmic dependence in a, K, is again the modified Bessel function
of zeroth order and second kind. Taking the dependence on K,(ka) as the dominating term for low k,

a long wavelength solution for the plasmon with long-range interactions of this kind is then given by

(k) = ku (k) = % x ky/Kq(ka). (3.29)
This result is also very similar to the low-k-approximation of Eq. 3.20 with the difference of a description
via vy instead of m* and n, directly pointing at the closeness of low-dimensional approximations.

In the case of a renormalization of the charge oscillations due to the Coulomb interactions, an occur-
ring spin density wave will, however, still have a linear dispersion w, = ku, unless additional potentials
affect their behavior. Indeed, such a feature has already been observed. In a work of Gofii et al. [81] two
excitations are visible in a Raman scattering experiment: They explain one as a plasmonic excitation
that is shifted upwards in energy due to Coulomb interactions. The other excitation is assigned to a spin

density excitation describing a linear curve to the origin of the energy-momentum coordinate system.
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The Vacuum Chamber Setup

This chapter will shortly summarize the experimental setup used for the investigations of this thesis.
First, the main chamber will be explained, followed by a detailed description of the devices.

Due to the sensitivity to contamination of the systems used, all experiments were carried out in
an ultra-high vacuum of around 5 x 10™'! mbar. The vacuum chamber is divided into two parts: the
main chamber for the experiments and the load lock chamber providing a fast and clean introduction of
samples into the main vacuum. To achieve such low pressures a variety of pumps is necessary. The main
chamber is pre-pumped by a membrane pump followed by a turbo pump. Additionally, the chamber
contains an active ion-getter pump and a titanium sublimation pump. For further reduction of residual
hydrogen, an additional non-evaporable getter pump is used that contains a porous ZrVFe alloy. The
load lock is pumped by a combination of a membrane pump and a turbo pump. Like every UHV system,
the chamber needs a bake-out to reach low pressures, in this case at a particular temperature of 175 °C.

A sketch of the chamber is given as top view in Fig. 4.1 (a). An older but more detailed description
can also be found in Ref.[29]. Samples can be introduced by the help of the load lock. Here, also a
preheating is possible. The transfer into vacuum is possible via an in-house self-built arm mechanism
that can hold the sample holder. This sample holder is then transferred into the main chambers sample
handler that can be turned and laterally moved for the alignment to the various components. It holds
the sample by clamping the sample holder, see Fig. 4.1 (b). The clamps are also used for direct current
heating. The holder is made of copper and can be cooled from outside with liquid nitrogen or helium,
though the heat transfer is not optimal due to the clamps’ small contact. Cooling temperatures are

measured by a Si diode inside the cooling flow line, and by an additional Pt1000 resistance put on the
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Figure 4.1: Sketch of vacuum chamber and sample handler: (a) Top view illustration of the positions of
the various devices used in the investigations. In the center is the sample handler (b) that
holds the self-built sample holder with durotherm (CoNiCrMo) clamps and align it to the
different positions. Temperatures for LT measurements are taken from the side of one leg
of the handler, relatively far away from the sample.

side of the handler. A slight temperature difference to the sample itself will, however, still be present.
Through the viewport that is also known as window, the temperature of the sample can be measured
optically by an IR pyrometer when heating it for preparation. The emissivity will constantly be changed
during measurement according to the material by a computer software. Analysis of the residual gas is
possible by a quadrupole mass spectrometer from Pfeiffer.

The preparation of the Au-induced superstructures is done with the a self-built evaporator and the
surface properties are investigated by SPA-LEED. Electronic information about the system is available
via EELS. The flange equipped with a hydrogen source in the Si(hhk) measurements is swapped for a
sputter gun during the preparation of the Ge(100) surface. In the following the two main measurement
methods are explained in detail. Also, short descriptions of the self-built evaporator as well as the

hydrogen source are given.

4.1 SPA-LEED

The spot profile analysis low energy electron diffraction, short SPA-LEED, is a derivative from a conven-
tional LEED with the advantage of gaining insight into the exact profile of diffraction spots. Using this
technique, the information of Section 2.2 is experimentally accessible. Fig.4.2 (a) shows a sketch of

this device that was originally developed in the Henzler group in Hannover in the 1980s [82, 83, 84].
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Figure 4.2: Sketch of the SPA-LEED (a) and the given scattering condition (b): (a) The free electrons
generated and accelerated by the electron gun follow the paths that are determined by an
octupole plate deflection unit, the detection is realized by a channeltron. The angle between
incident and final wave vector is constant. The sketch was taken and modified from Ref. [85].
(b) Surface rods of the reciprocal space. The incident k and final wave vector k ¢ are always
kept at the same relative orientation. The voltage regulation in the deflection unit leads to a
change of the scattering vector K granting access to the reciprocal space. The native Ewald
spheres are given by the dotted grey circles, the new SPA-LEED sphere by the dashed partial
circle.

A similarity is of course an electron gun that accelerates the electrons to the sample. In contrast to a
conventional LEED, the image is not obtained on a fluorescent screen. Instead, the reflected intensity is
analyzed by a channel electron multiplier, short channeltron. Only a distinct scattering path is pointing
in the direction of this channeltron. Therefore, the system features a system of doubled eight concentric
electrostatic plates to set the angle of the beam with respect to the surface, called octupole plates. The
polarity of these plates is inversed between the two pairs (H and V) to force the electron onto an S-
shaped path. Two of these paths are given in Fig.4.2 (a). The angle between incident and diffracted
beam is constant. Accordingly, the scattering condition is slightly changed compared to a conventional
LEED. Instead of scanning the margin of the well-known Ewald sphere, a new sphere is generated that
will be rolled out while changing the octupole voltages, see Fig. 4.2 (b). This new modified half-sphere
has approximately double the radius. Consequently, using a SPA-LEED results in scans with a larger
access to the reciprocal space.

However, during the acquisition of an image, the device has to scan over all scattering conditions. One
could say that a SPA-LEED is a scanning electron microscope for the reciprocal space. The device used
in this thesis also allows scanning while changing the acceleration voltages [86]. This mode directly
maps the reciprocal space perpendicular to the surface. This mode denotes the energy dependent plots
in this work. The control of the SPA-LEED is done by a computer software called WinSPA. To overcome
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Figure 4.3: Sketch of the EELS-LEED: Compared to a SPA-LEED, this device features an additional lens
system (left) with additional monochromator and analyzer to allow the measurement of

inelastically scattered electrons. The image has been taken and slightly modified from
Ref.[88]

the disadvantage of the slow measurement speed, the SPA-LEED features a small fluorescent screen for

conventional LEED usage.

4.2 EELS-LEED

The other main device for investigations is the electron energy loss spectrometer in low energy electron
diffraction with short form EELS-LEED, also given in Fig.4.3. This device allows the investigation of
inelastically scattered electrons for a given scattering condition by adding an energy resolving part to
the typical setup of a SPA-LEED. The device was also developed in the Henzler group at the University
of Hannover [87] with both a high energy and momentum resolution.

The excitation of the electrons is done by a tungsten filament. During this thesis the tungsten filament
was exchanged to a LaBg-cathode enhancing the electron yield for every given energy resolution. The
generated free electrons are now accelerated by a lens system that focuses the resulting beam into the
electron monochromator. This apparatus is a well-known 127.8° cylinder capacitor whose resolution is

approximately given by the pass energy E via [64]

AE AU
=24 0.4a?, ‘

E,.=—.
Epass  To Pas — 21n(R/r)

“4.1)

In these correlations s = 0.3 mm is the slit width, ry = 35mm is the radius of the center path, R and r
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are the radii of the outer and inner capacitor plates with R/r ~ 1.4, a is the maximum angle between
the central path and the outmost electron trajectory, and AU is the difference in voltage between the
two plates.

After the monochromator the electrons are accelerated to U,... In contrast to the SPA-LEED where
the electrons are accelerated from a negative potential to ground, the whole octupole unit and also the
sample are lifted on U,... The definition of the momentum k is possible by taking a LEED pattern, as
described in the section above. The LEED part has a resolution of 0.01 AT

The backscattered electrons will be decelerated symmetrically to the acceleration unit to allow the
same energy resolution in the analyzer. This analyzer is the same type as the monochromator using
the same parameters for AU. During most of the measurements AU was set to 0.7V giving an energy
resolution of around 8 meV with the above parameters. However, the elastic peak resulted in a widths
of around 20 meV most likely due to the electronic surface states of the investigated systems [87, 89].
Finally, the detection of electrons is realized by a channeltron analogously to the SPA-LEED setup.

To obtain information of the inelastically scattered electrons, the complete deceleration unit’s voltage
is tuned down to allow the slower electrons to pass this stage. This implementation will lead to a loss
energy scan of a given point in reciprocal space. The EELS-LEED is controlled via an in-house computer
software.

The usage with only low voltages of around 20V to 40V makes it susceptible to magnetic and electric
fields. As a consequence, the whole device is put into a shielding of mu-metal that leads to a residual
magnetic flux density below 7uT [90].

4.3 Gold Evaporator

The evaporator of this work is one of the simplest versions possible, see also Fig.4.4 It consists of a
gold pearl of approximately 2 mm diameter that has been melted onto a tungsten wire. Applying direct
current to this wire will results in a heat transfer to the pearl. It is possible to tune the evaporation rates
in the range of ML/min with an uncertainty of < 10%. As the total amount of gold is small, it cannot
be used to grow thick layers.

The whole device is put into a cylindrically symmetrical water cooled copper base to prevent the
resulting heat to deteriorate the vacuum. It is hosted on a CF-35 flange delimiting its lateral dimensions.
By the opening and closing of a shutter, the exact time of evaporation is controlled. To know the amount

of Au evaporated, two redundant quartz crystal oscillators are installed on the top plate. The relation

_ Puxfé

Af =
po * No

4.2)

derived from the calculations for quartz microbalances of Ref.[91] allows the exact determination of

the coverage by an oscillator at sample position. In this equation, p is the additional density per area,
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Figure 4.4: Sketch of the Au evaporator used in this thesis: Evaporation is done via direct current heating
of a tungsten wire hosting a melted gold pearl. The amount is monitored by quartz crystal
oscillators acting as microbalances. Exact timing of exposure is made possible by a shutter
in front of the aperture.

(a) Side view of hydrogen cracker (b) Zoomed front view

Water cooled

b 2 tungsten Partially dissociated
H copper base filaments hydrogen
2
Capillary , V \
inlet
see (b) H+H,

Lateral tungsten filament
Sample in front of capillary

Figure 4.5: Sketch of the hydrogen cracker: (a) The side view shows the general setup of a capillary
hosted on a water cooled copper base. The hydrogen is let in on the left side and will be
partially dissociated by two filaments in front of the nozzle of the capillary. (b) The front
view shows the alignment of the additional lateral tungsten filament.

po = 2.65g/ cm?® the density of the quartz, fo = 10MHz the ground frequency of the oscillator, and
Ny = 1670kHzmm the eigenfrequency of the thickness shear mode for an AT-cut [92]. The sticking
coefficient was estimated to unity as after an initial deposition the oscillator will be covered by a thin

layer of Au, leading to a good adherence.

With according coverage densities for 1 ML of Auon Si(111) péi =1.71 x 1077 g/cm? and on Ge(100)
PS¢ =2.04 x 107 g/ecm?, the frequency changes at the sample position calculate to

AfSi(l].l) = 38.6Hz (43)
AfGe(lOO) =46.1Hz (44)

Calibrating the microbalances in the evaporator against the quartzes at sample position allowed an exact

evaporation of Au onto the given samples.
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4.4 Hydrogen Source

For the chemical desorption experiments of Chapter 8 atomic hydrogen was desired. Therefore, a simple
dissociation source was built, inspired by the suggestions of Ref.[93]. A sketch is given in Fig. 4.5 (a)
and (b). Also, this device is hosted on a CF-35 flange.

This so-called hydrogen cracker is mainly a tungsten capillary of 3 mm inner diameter that is placed
inside of a water cooled copper base. A hydrogen minican is connected to the inlet via a fine control
valve. At the nozzle of the capillary two tungsten filaments are placed. One is coiled in direction of
the hydrogen flow, the other one is aligned along the cross section of the capillary as illustrated in
Fig.4.5 (b). These filaments are enclosed into the copper base to prevent the heat of the filaments
to deteriorate the vacuum conditions during the adsorption of hydrogen. The partially dissociated
hydrogen can only exit through a small aperture in the very front of the device.

The efficiency was not exactly determined, but can be approximated to 5-10 % for 2000 °C as dervied

for a similar setup in Ref. [94].
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Part II:
Gold-Induced Wires on Si(hhk)






A Golden Playground on Vicinal Silicon

Surfaces

This chapter will give a short overview of the four surface orientations of silicon with their appropriate
gold coverages as used in this work. The first section provides information about the structure of the
bare Si and its surface, whereas the second part summarizes the surface reconstructions that appear
when adding gold. The last section of this chapter outlines the discrepancies in the electronic structure

of various publications.

5.1 The System Si(hhk)

This part of the thesis were carried out on silicon substrates. Their bulk orders in a diamond lattice with
a lattice constant of ag; = 5.43 A. Due to its importance for the industry, the Si crystal itself is one the
best-known structures, supported by its relative standard uncertainty of only 1.6 x 10~ of the lattice
constant’. The indirect band gap of silicon is 1.1 eV, the direct one is larger with 3.5eV.

As the experiments were carried out on surfaces, their structure is of importance. Miller-indices
describe the cutting direction of the surface. Well-known is the Si(111)-surface. It shows a non-planar
hexagonal unit cell with a surface lattice vector of 3.84A, see also Fig.5.1. The bare Si(111) surface

features a 7 x 7 reconstruction at room temperature that has long been debated [95].

Thttp: //physics.nist.gov/cuu

59


http://physics.nist.gov/cuu

CHAPTER 5. A GOLDEN PLAYGROUND ON VICINAL SILICON SURFACES

Figure 5.1: Unreconstructed Si(111) surface with surface unit cell in light green. The blue silicon atoms
fade in color with increasing depth and show a hexagonal arrangement depicted in dashed
green.

When cutting a bulk crystal not exactly to a [111] surface but slightly changing the angle towards
the (001) or (110) plane, then, for certain orientations, a regular arrangement of (111) terraces with
separation by steps of single atomic height is possible. This arrangement is a direct result of the fact
that it is only possible to remove integer values of atoms.

Fig. 5.2 illustrates the four directions used in this thesis showing a side view of the simplest resulting
terrace distribution for these so-called vicinal surfaces. An angle toward the (001) plane will be referred
to as positive inclination in this thesis, and an angle toward the (110) orientation will be called negative
inclination. Their angles will, therefore, have the corresponding algebraic sign. The values are listed in
Tab.5.1.

However, a bare vicinal silicon surface not necessarily arranges in this depicted way. Surfaces also
decay into terraces of other orientations that have a lower free surface energy. Terraces of (111) ori-
entation are rather stable. Therefore, the surface will try to maximize their size. As a consequence,

step-bunching will occur. These bunched steps will then refacet into other stable orientations. This

System Angle Terrace width Au coverage
Si(335) +14.4° (3+2/3)a; 0.27 ML
Si(557) +9.5° (5+2/3)a, 0.18 ML
Si(553) —12.5° (4+1/3)a; 0.48 ML
Si(775) —8.5° (6+1/3)a, 0.32 ML

Table 5.1: Miscut angles and resulting terrace widths in mutliples of the Si-row distance in [112]-
direction a;, = 3.32A for the ideal reconstruction of vicinal silicon surfaces as depicted in
Fig.5.2. The Au coverage is the amount necessary for the growth of a gold-induced wire su-
perstructure on the terraces, see Section 5.2. The background coloring scheme of the system
will be used throughout the Si(hhk)-Au chapters for enhanced presentation.
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Figure 5.2: Side view illustration of Si(hhk): The systems used in this thesis are marked by the colored
lines. The cutting angles with respect to the Si(111) surface are described by the dashed
lines of the same color.

stability is, e.g., given for the (112) orientation as it is the preferred step height boundary for epitaxial
growth [96]. Investigations on the bare Si(557) found the separation of large (111) terraces of 5.7 nm
by either a triple step of (112) [97, 98, 99] or (113) orientation [100]. The bare Si(553) surface, in
contrast, facets into (111) terraces of 2.8 nm width, separated by simple double steps [101]. A work of
Baski et al. [102] covering all angles from (111) to (001) discovered a growth of 7 x 7 reconstructed
(111) terraces up to the (223) direction, i.e. +11.4° within the given notation, that are mainly sepa-
rated by triple and single steps. Above this region and below 24.2°, 7 x 7 reconstructed unit-cell-wide
nanofacets alternate with (55 12) planes.

It turned out during this thesis that the quality of the bare substrate was not crucial for the prepara-
tion. Conclusively, the Au adsorption process decreases the surface energy strongly enough such that it
leads to a healing effect on the surface. The main issue was to avoid a refacetting into extended 7 x 7

reconstructed terraces for optimized initial growth conditions.

5.2 Structural Resemblances in Si(hhk)-Au

After the discovery of the Au surface reconstruction on the most stable Si(557) surface [36], soon other
vicinal Si(hhk) surfaces with similar structures were found after the adsorption of the corresponding
amount of gold, as listed in Tab.5.1. In these cases and for all the investigated systems, they form
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Figure 5.3: Side views of structural models: (a) Si(553)-Au with a double gold chain (yellow balls),
(b) Si(775)-Au with a double gold chain and an adatom chain, (black balls) (c) Si(335)-Au
with a single gold gold chain, (d) Si(557)-Au with a single gold chain and an adatom chain.
All systems feature a honeycomb step edge (green balls).

the narrowest possible (111) oriented terrace separated by single steps, as one would assume from
the sketch in Fig.5.2. The terrace itself rearranges to a structure that now contains a gold wire. The
step edge reorganizes into a silicon honeycomb or silicene chain. This was already suggested in early
structural models [103], see also Fig. 5.6 for the Si(553)-Au models [104]. These reconstructions are
depicted for all surfaces in a side view in Fig.5.3. In the following, the structures of each system will
be discussed in more detail.

5.2.1 Si(553)-Au - Double Gold Chain

For the Si(553)-Au surface, a coverage of 0.48 ML is needed. The control of such small coverages is
not easy, and STM does not resolve atoms but electronic states in combination with topography. As a
consequence the coverage was first underestimated and, therefore, a chain of single atomic width on the
mini (111) terrace was assumed [105, 106, 107, 103, 108, 109]. An exact experimental determination

of the coverage, X-ray investigations [110], and ab-inito studies led to the now established model of a
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Figure 5.4: ARPES data for the four Si(hhk)-Au systems from Ref.[103] tinted in the coloring scheme
of Tab. 5.1: The Si(553)-Au (a) and Si(775)-Au (b) systems show two dispersing bands (S1
and S2), whereas the Si(335)-Au (c) and the Si(557)-Au (d) only feature one (S2). The
S2 states are Rashba-split. Numerical electronic band structure calculations yield further
hybridization with bands of the honeycomb chain at the step edge that is not visible in
ARPES, see Section 5.3 and Chapter 7. The direction of k| is given in Fig. 5.5.

double atomic row [111, 112], as depicted by the yellow gold atoms in Fig. 5.3 (a). This double row
is an effect of the reduction of strain on the surface due to the bonding situation of the silicene chain
in contrast to the other cutting direction. The Si honeycomb chain itself is sketched by the green balls.
A x2 superstructure along the gold wire is present due to a dimerization along the chain as depicted
in Fig. 5.6. The periodicity and also the interwire distance are specified by the terrace width of 4%a L
witha, = 3.32A as the Si-row distance in [112]-direction and the inclination of —12.5°, and result to
14.7A.

This double atomic gold row is able to qualitatively explain the existence of two Au-induced bands S1
and S2, as observed in angle-resolved photoemission spectroscopy (ARPES) [113, 103, 114] and shown
in Fig.5.4 (a). Due to the x2 periodicity (I" = 0.82 A_l) the filling level of S1 is around 1/3, of S2
around 1/2. Those bands are the bonding and antibonding state of the two gold chains involved. Their
effective masses are mg, = 0.3m, and mg, = 0.6m.. An additional splitting of the S2 band is attributed
to a one-dimensional Rashba-splitting [115].

For temperatures below &~ 100K a phase transition to a x3 superstructure takes place. Spin-dependent
numerics resulted in a model of spin-polarized electronic states at the step edge atoms [111, 116] and
were able to explain the x3 superstructure observed in STM measurements at 77K [117]. This x3 or-

dering is not a Peierls distortion that changes the distances between atoms. It only leads to an increased
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Figure 5.5: Brillouin zone (gray) and reduced x2 Brillouin zone (orange) for all Si(hhk)-Au with de-
noted symmetry points. The distance '-M-I" (red dotted line) corresponds to the step train
spacing 27t/d. ARPES measurements as well as the numerically derived band structures
used in Chapter 7 were carried out along '-Y-I" direction (dotted green lines). Y’ is the new
zone boundary for the x2 reconstructed surface.

density of unoccupied states on every third step edge atom. Furthermore, this ordering of the empty
states is highly sensitive to the current during an STM investigation [ 118]. A more careful investigation
of the order of these states by LEED [119] suggests the system to be a spin-liquid. This result means
that there are no magnetic ordering and also no x6 superstructure present in the system as it was sug-
gested before [111, 117]. Above the phase transition temperature these spins fluctuate and only a x2
reconstruction will be seen. Moreover a transition from x2 to x1 is predicted in the Au-chain?.

Calculated band structures for the Si(553)-Au system show strong hybridization of states from the Si
honeycomb chain with those from the gold chain [111, 120, 121]. This behavior cannot be seen easily
in photoemission [113, 103, 115, 104] and will be discussed in more detail in section 5.3.

As a sample cannot be perfect, defects will be present on the surface. Intrinsically, cut-offs in the
wire structure are present leading to a limited length of the quasi-one-dimensional wires. Additionally,
the dissociation of water into OH and H on the silicon surface leads dominantly to an insulating defect
that appears dark in STM [122, 109]. Defects also have an influence on the temperature of the phase
transition. Furthermore, defects lead to pinning of the low temperature x2 and x3 reconstructions
[123, 124], increasing the overall transition temperature.

Excess gold on the surface gives the possibility of doping the system by leading to a downshift of
the S1 band [125]. A proposal for the protection from degradation to make it accessible outside UHV
conditions is to coat it by a layer of graphene [126].

Apart from the structure described, on Si(553) it is possible to grow a structure with only 40 % of
the gold amount adsorbed before, i.e. 0.19 ML [104]. This procedure then results in the so-called low
coverage phase or low coverage wires (LCW), as depicted in Fig. 5.6 (b). In this phase, only every second
terrace is built up like the terraces of the high-coverage phase or high-coverage wires (HCW), separated

by an intermitting empty terrace of S%a 1 width. It features a x5 superstructure along the terrace

2Current work of Frederik Edler et al.
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(a) HCW (0.48 ML Au) (b) LCW (0.19 ML Au)
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Figure 5.6: Simplified stick and ball models of Si(553)-Au HCW (left) and Si(553)-Au LCW (right).
The HCW phase hosts 4%a | terraces with a double atomic gold chain (yellow balls) with
slight tilting that leads to a x2 reconstruction and a hexagonally arranged Si edge atom
row (green balls). On the LCW phase, there is an additional S%a | terrace hosting a x5
superstructure (dark steel blue) with some atoms sticking out (dark green) as proposed by
Song et al. [104]. The side view only indicates the lateral positions of these prominent
atoms. Unreconstructed atoms are depicted in steel blue. The x2 and x5 reconstructions
are also observed in LEED, see Chapter 6.

and is not margined by a honeycomb chain but rather by protrusions as a result of its superstructure.
The periodicity perpendicular to the terraces is given by the sum of the two terraces that also lead to
another angle of —11° as the correct miscut direction is (11117). The resulting interwire distance is
32.7A. Although the structure features an additional terrace, photoemission shows almost no difference
in the electronic bands. Solely, the S1 band shifts down by 200 meV. This resemblance makes the two
systems a perfect couple for the investigation of effects that are strongly depending on the interwire

distance, such as plasmons.

5.2.2 Si(775)-Au - Double Gold Chain and Adatom Chain

The formation of the Si(775)-Au system is possible by the adsorption of 0.32 ML of Au. It was already
found to be a stable facet on miscut (111) samples and therefore assumed to form a low energy recon-
struction [127, 128]. The coverage was first considered to be 0.25 ML [103], corresponding to 1.5 atoms
per unit cell. Coverage dependent investigations of a Bachelor’s thesis [129] running at the same time
as this work found superior LEED patterns for a coverage of 0.32 ML, accompanied by plasmon signals

that turned out to be more robust over time. These results were attributed to a lower concentration of
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vacancy type defects on the whole surface leading to smaller reactivity with residual gas molecules.

In contrast to the Si(553)-Au system, the surface features an additional adatom chain between the
step edge and the double gold chain, as depicted by the blue and black atoms in Fig.5.3 (b). This
adatom chain also exhibits a period doubling along the terrace. The black adatom is protruding only
at every second unit cell, whereas the light blue restatom is lowered at every second unit cell. Apart
from this additional structural element, from a structural point of view, Si(775)-Au is very similar to
the Si(553)-Au. Its period along the steps is given by the terrace width of 6%a | and its inclination of
—8.5° result in a periodicity of d = 21.3 A. However, though sharing almost the same structure, neither
an ordered nor an unordered spin polarization at the step edge was found so far [130].

In addition, ARPES measurements also observe similarities, see Fig.5.4 (b). In comparison to the
Si(553)-Au system, the bands of Si(775)-Au are shifted downward in energy by roughly 250 meV with
an apparent back-folding below the Fermi level. The resulting full bands mean an insulating behavior
that plasmon spectroscopy does not confirm, see Chapter 7 or Ref.[131]. Band structure calculations
carried out in Ref. [132] were not able to reproduce this behavior, but show hybridizations of the states

induced by the structural elements present on the surface.

5.2.3 Si(335)-Au - Single Gold Chain

Upon adsorption of 0.27 ML of Au on the Si(335) surface, the Si(335)-Au system emerges. It is the
simplest of the systems with a gold chain of just single atomic width next to the Si honeycomb ribbon
on every terrace, as shown by the yellow balls in Fig. 5.3 (c). Its terrace width of B%a | and angle of 14.4°
lead to a periodicity of 12.3 A. Due to only a single atomic chain, only one almost completely filled band
is visible in photoemission [103, 133] with an effective mass of mg, = 0.4m,, see Fig. 5.4 (c). Numerical
calculations also predict a spin-orbit splitting in this band [134]. However, these calculations also give
a strong hybridization that photoemission does not show.

Investigations about the mobility of atoms on top of this structure predict a substantial anisotropic
movement with its easy direction along the terraces [135]. The material transport is of importance for
the annealing step during the sample preparation. As the hopping barriers along the steps are much

higher than for the Si(553)-Au system, in comparison, a lower overall quality is expected.

5.2.4 Si(557)-Au - Single Gold Chain and Adatom Chain

The Si(557)-Au forms after adsorption of 0.18 ML of Au on Si(557). Similar to the systematics of
the systems with negative inclination, the Si(557)-Au adds an adatom chain to the terrace positioned
between the step and the gold chain [136, 137] as depicted by the black and blue balls in Fig. 5.3 (d).
Due to its structure with an angle of 9.5° and terrace width of S%a | a periodicity of 19.1A arises.
Having simply one Au chain like Si(335)-Au, only one band with spin-orbit splitting is seen for

Si(557)-Au with an effective mass of mg, = 0.6m.. It is almost entirely filled as for the other sys-
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tems [103, 133]. Also in Si(557)-Au, electronic band structure calculations predict a hybridization with
the Si honeycomb chain as well as the adatom chain states [137, 138, 121]. Electron energy loss spec-
troscopy has already been carried out [139]. Its dispersion is described by a quasi-free electron gas
behavior when taking into account exchange-correlation effects, see Eq. 3.13.

Temperature dependent STM and STS investigations showed a metal-insulator transition in the hon-
eycomb chain that is explained by a freezing of an up-down buckling along the step edge [140, 141].
This thermally activated state leads to a change of the band edge positions for elevated temperatures.

Defects play a significant role in the Si(557)-Au system. There are various adsorption and defect
sites on the surface: Dissociated water will bond to the step-edge dangling bonds with high probability
[109]. A major defect is also the dislocation or a stacking fault on the adatom chain. Oxygen adsorption
experiments showed a change in the electronic anisotropy in transport revealing two favorable adsorp-
tion sites: The step edge and the adatom chain. Furthermore, coverage dependent investigations found
a refacetting to superstructures of gold covered Si(111), Si(112), and Si(335) parts when not providing
the correct amount of Au [142].

5.3 Discrepancy between Photoemission Data and Electronic Band

Structure Calculations

As pointed out before, there is a strong discrepancy between the electronic band structure measured in
ARPES when compared to the numerical band calculations. On the one hand, the general slope of the
gold-induced bands is often shifted in k or E, see, e.g., Fig. 7.7 when comparing the experimental data
from Ref. [103] with the calculations of Ref.[121]. However, this just needs some careful inspection of
the structural model used and the preparation conditions given.

On the other hand, there are band gaps involved that are not seen in photoemission. When computing
strictly in x2 geometry, a band gap is seen at the Fermi level in the Si(553)-Au system. As the plasmon
measurements are carried out at RT, there must be a difference to the OK band structure. A metal-
insulator phase transition is in this case inevitable.

Furthermore, there is always a hybridization of the gold-induced states with those of the step edges
in the calculations. A sketch of this effect is given in Fig.5.7. However, such behavior is not seen in
photoemission, though an attempt to see those states for the low coverage phase of Si(553)-Au has
been carried out in Ref.[104] by a careful analysis of the ARPES intensities. A possible explanation is
given in Ref. [111] as follows: There is a polarized and an unpolarized state of this step edge band. Due
to thermal fluctuations, the system constantly flips between those two states making it impossible to
resolve them. On the other hand, this should not be the case for the low temperatures used in most of
the photoemission experiments [103, 104].

Another explanation is the bad energy resolution of the experiments of Ref.[103], cf. Fig.5.4. In

contrast, in the data of Barke et al. [115], small energy gaps in the electronic states around the Fermi-
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Figure 5.7: Sketch of the hybridization of the gold chain-induced electronic bands (yellow) with the
polarized step edge state of the honeycomb chain (red): The resulting dispersion is given
by the dashed lines. The polarized state can thermally be excited into an unpolarized more
localized edge state (blue). In the real systems, the Fermi level is located in the vicinity of
the red and blue bands.

level are resolvable with synchrotron radiation at a photon energy of 34€V. In their publication, they
mention a resolution of 15meV for photons and 20 meV for electrons. This may be sufficient for the
resolution of the unseen band-gaps mentioned above.

In addition, taking into account matrix element effects, the step edge bands may become invisible for
ARPES. However, with a further fine-tuning of the excitation conditions as it must have been carried
out in Ref.[115], it might be possible to see those states. Therefore, it is highly recommended to carry
out new APRES measurements for all Si(hhk)-Au. Anyway, it must be remarked that this problem of not
seeing the whole band structure in ARPES is existent. Hence, a careful usage of such data is advised.

All these considerations do not take into account an influence of the uncertainty in momentum by
these photoemission excitations. Here, an important parameter is the local excitation that leads to a
short informational exchange range. In other words, on the surface only leads to a coherent excitation
of an outgoing electron wave within a radius of several atoms. Therefore, also the definition of the
momentum is poor. Accordingly, for a steep dispersion, an additionally deteriorated energy resolution
occurs that, finally, leads to a blurred information about the electronic band structure.

As will be seen in Chapter 7, the hybridization of the gold-induced states with the step edge states is

necessary for a reasonable description of the collective excitations in all the systems.
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Structural Properties of Si(hhk)-Au

This chapter gives an overview of the preparation of the desired wire structures and their resulting LEED
patterns. The end of this paragraph estimates the quality of the samples by an energy dependent spot

profile analysis.

6.1 Sample Preparation

Both LEED and EELS are methods averaging information from the entire surface irradiated by the elec-
tron beam spot. Therefore, in contrast to local methods like STM, care has to be taken to obtain homoge-
neous surface structures. Fortunately, the removal of the oxide layer [ 143, 144], preparation of pristine
Si surfaces [102, 145, 97, 146, 147], as well as the formation of Au-reconstructed superstructures’
[103] are well-known.

There are two standard methods to clean a Si surface: etching with chemicals as it also seems nec-
essary for germanium, cf. Chapter 10, and thermal desorption of the native oxide by subsequent rapid
annealing to a temperature slightly below the melting point at 1410 °C. In this thesis, the second option
was chosen.

The experiments are carried out on Czochralski-grown wafers from Crystek in Berlin. They have an n-
doping with phosphorus, leading to a resistance of around 0.1 Q) cm at RT. From a circular 2in (~ 5cm)

geometry they were cut to rectangular samples of 15mm x 5mm size with an in-house diamond saw.

1Every article about any Si(hhk)-Au system contains a similar recipe for the growth of the Au-induced wire structure.
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The vicinal steps were aligned along the longer side of the wafer allowing the electric current to flow
parallel to these steps for DC heating. This layout circumvents possible step bunching due to surface

electromigration.

Before the loading to vacuum, the samples were cleaned in ultrasonic baths of petroleum-benzene,
acetone, and isopropanol for 10 min each for the removal of water and grease from previous processing.
In-situ, the samples were degassed by steadily increasing the temperature up to 600 °C, a region mod-
erate enough to keep the oxide layer unharmed. This oxide layer acts as a shield to protect the topmost
layers from contamination. When reaching a pressure below 5 x 107! mbar, rapid annealing of only
a few seconds to a~ 1250 °C was carried out while keeping the pressure below 5 x 10~ mbar. Immedi-
ately after this, a rapid cool-down period followed by turning off the heating current. This procedure
leads to the desorption of the oxide layer as well as several top layers of the silicon substrate resulting

in a clean and flat pristine surface.

The Au-induced superstructure was grown by evaporation of the corresponding submonolayer amount
for each system at a rate of 0.15 ML/min and with the sample at 630 °C. This temperature is high enough
to strongly decrease the oxidation, hydroxylation and hydrogenation probabilities and to increase the
mobility of Au on the surface while still being too low for its desorption. Tab. 5.1 shows the amounts
of Au needed. After a cool-down time of around 10 min, the sample was rapidly annealed at 930 °C for
< 1s. This so-called post-annealing step removes a slight overshoot in coverage and also improves the
order in the superstructure. However, for the low coverage phase on Si(553), the LEED image deterio-
rates after post-annealing, resulting in a less sharp step train. Therefore, this last step was left out for
the Si(553)-Au LCW system.

6.2 Surface Properties Probed by Electron Diffraction

After the described preparation steps, all samples showed a LEED image with a reconstruction consisting
of a so-called step train. This row of dense spots in reciprocal space originates from the sequence of
equally spaced step edges and, therefore, the formation of terraces. All LEED images are taken at room
temperature (RT).

To begin with, Fig. 6.1 shows the resulting LEED patterns for Si(553)-Au for the high coverage phase
as well as for Si(775)-Au. These two surface orientations have a negative inclination with respect to
the [112]-direction as defined in the last chapter. The two images demonstrate the close structural sim-
ilarities between the systems. as already mentioned in Chapter 5. Fig. 6.1(a) and (b) are characteristic
for regularly stepped Si(553) and (775) surfaces consisting of (111)-oriented terraces. These terraces
are separated by steps of double atomic height hg; gep = 3.14A, as also shown in the simple sketch in
Fig.5.6. The spot splitting of 22 % surface Brillouin zone (100 % SBZ = bg;(;11) = 1.891&_1) along the

step train for Si(553) computes to the periodicity arising from a tilted array of terraces with a distance
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Figure 6.1: LEED patterns of the Au-adsorbed Si(553) (a) and Si(775) (b) surfaces: (a) Si(553)-Au: The
distance of step train spots leads to a periodicity of 14.7 A, the x2-streak can be attributed to
a double chain of Au atoms with a perdiod doubling along their extent. (b) Si(775)-Au: Step
train distances give a periodicity of 21.3A, a modulation in x2 streaks gives an indication
of the existence of a Si-adatom chain.

of
1 o
4§aJ_/cos 12.5° =14.7A. (6.1)

Here, a, = 3.32A is the Si-row distance in [112]-direction. Equivalently; the splitting of 15.6 % in the

diffraction of Si(775) results in terraces with a width of
1 . .
6§aJ_/c038.5 =21.3A. (6.2)

From these numbers it is evident that the adsorption of the corresponding amount of Au leaves the ideal
periodic arrangement untouched. This is also in accordance with STM measurements [117, 130].

The appearance of x2 streaks between the step-trains has its origin in the induced double Au-chains
on each terrace with a period doubling along its direction. Along the terraces these streaks are sharp,
indicating a good order. As there is no modulation in this streaks in the direction perpedicular to the
wires, presumably only short-range correlations between the double periodicity on each terrace are
present. For the Si(775)-Au system, the x2 is additionally resulting from a period doubled Si-adatom
chain. The reason for a slight modulation is a better correlation between these Si chains.

An exceptional case is the low coverage phase on Si(553). When only 40 % of Au compared to the
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Figure 6.2: LEED pattern of the low coverage phase of Si(553)-Au: The step train distance leads to a
periodicity of 32.7A. The appearing x5 streaks originate in an additional terrace made of
only Si. These terraces alternate with the standard Au-Si terraces of the high coverage phase
that give the still present x2 streaks.

conventional preparation is adsorbed, the surface undergoes a surface reconstruction with additional
LEED spots as shown in Fig.6.2. Now a spot-splitting of 10 % surface Brillouin zone is found. This
periodicity is generated by the formation of a more complex structure composed of two terraces: One
strongly resembles the terrace of the high coverage phase with a width of 4% surface units. The second
terrace forms without any Au-induced reconstruction and a width of S%a 1. Summing up these two

terraces, the 10 % splitting has its roots in a much bigger reconstruction with a periodicity of
2 R o
9§aL/cos 11.3° =32.7A. (6.3)

The second type of terrace also leads to the formation of a x5 modulation along its extension coming
from the proposed reconstruction of Si atoms on an empty terrace of this kind. An additionally observ-
able faint x2 streak originates from the Au chain that still features a period doubling. In conclusion,
the recorded LEED pattern is in agreement with the structural model proposed by Song et al. [104].
Please note that this low coverage phase no longer fits perfectly on a (553)-cut Si substrate, as from
their terrace widths it corresponds to a Si(11 11 7) having a smaller inclination by 1.2°. Therefore, this
difference in miscut will be compensated by inevitably appearing step bunches. Concluding from these
LEED data, there is a long-range periodic ordering of two alternating terrace types that leads to a large
unit cell. Not only aligning locally but rather on the entire surface, this kind of self-assembly indicates

a high terrace-terrace interaction.
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Figure 6.3: LEED patterns of Si(335)-Au (a) and Si(557)-Au (b): (a) Si(335)-Au: The step train gives a
periodicity of 12.61&, no period doubling can be seen. (b) Si(557)-Au: Here, a modulation
of 19.1A is obtained, the present x2 streaks give an indication of a period doubling in the
adatom chain.

LEED patterns from samples of Si(335)-Au and Si(557)-Au are shown in Fig. 6.3. These systems have
a positive inclinitation with respect to the [112]-direction. The image from the Si(335)-Au system in
(a) shows a splitting of 26 % surface Brillouin zone that arises from a periodicity which is

2 o
3§aJ_/cos 14.4° =12.6A. (6.4)

Although the terrace size is similar to the Si(553)-Au system, the coverage needed for the formation is
much lower. Only 0.27 ML/0.48 ML = 56 % of the Au is needed here. When taking into account the
inclination and exact terrace size, these numbers indicate the formation of a gold chain of only single
atomic width. The lack of x2 streaks reveals that along the terraces none of the structural elements

features a period doubling.

Another possibility for this absence is also a bad sample quality compared to the other systems. In
Ref.[135] it is reported that diffusion of excess atoms on Si(335)-Au proceeds mainly along the chains.
The calculated diffusion barriers for interchain hopping are higher than for Si(553)-Au. Therefore,
using the same preparation parameters, the sample results less ordered. An increasing of the annealing
temperature should improve the ordering. However, then already Au desorption sets in.

Fig. 6.3 (b) shows the structural character of the Si(557)-Au surface. The spot splitting here is 18 %
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SBZ coming from
2 o
5§aL/ c0s9.5° =19.1A. (6.5)

Normalized to the terrace width and within the accuracy of ~ 10% the evaporator, only half the
amount of gold of the Si(775)-Au system is necessary for the formation of the wire reconstruction.
This half coverage is indicative of a single atomic Au chain on the terrace. Nevertheless, a x2 streak
is visible here again, originating from a once more present Si adatom chain. Also in this case, the
individual terraces do not show a correlation as seen by an only mild and washed-out modulation of
the streak along the terraces. The sharpness of the streak in wire direction, however, indicates a strong
order.

Finally, it is possible to draw some conclusions from the extracted information giving some systematics
among this family of five investigated systems: On the wafers with positive inclination, i.e. towards
(001), and after the adsorption of one gold atoms per unit cell, the formation of a gold chain of single
atomic width takes place on a terrace with a width of (n + %)a 1. A period doubling is seen for the
Si(557)-Au system. For negative inclinations, i.e. toward (110) orientation, terraces are of width (n +
%)a 1. The induced Au chain is of double atomic width and features a period doubling. A long-range
ordering is only present along the wires. Perpendicular to the wires, the streaks reveal no ordering.
For the bigger terraces of Si(557)-Au and Si(775)-Au an adatom chain of Si occurs next to the Au
chain. A slightly special case is the low coverage phase on Si(553)-Au which refacets into a Si(1111 7)
periodicity consisting of two different terraces. One of these terraces still behaves like the terrace seen
on Si(553)-Au with high coverage and is always interlaced by an additional part of only Si. It allows
for investigations in wire distance influences.

However, no direct information about the origin of the periodicities is available via LEED. It can only

be obtained by comparison with STM and theoretical models.

6.3 Spot Profile Analysis of Si(553)-Au

For an estimation of the chain lengths and overall sample quality, an energy dependent LEED scan
was carried out exemplarily for the Si(553)-Au sample. The quality of the bare Si(553) substrate was
investigated in a Master’s thesis [148] using a step and kink correlation derived in Ref.[149] after
careful preparation as described above. The resulting variance of the terrace width o /(') = 0.5 reveals
a surface where approximately every second terrace is of different size. However, it turned out that
the quality of the substrate itself was dispensable. Various preparations during this work showed that
the adsorption of Au has a strong healing effect, i.e. also samples of even lower quality resulted in
reconstructed surfaces that showed perfect LEED patterns. Though the substrate itself was of minor
importance, an extremely careful preparation of the substrate was always carried out anyway.

These energy-dependent measurements of the Au reconstructed surface are given in Fig. 6.4. As the

sample is highly anisotropic, those scans were carried out perpendicular to the wires to demonstrate
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Figure 6.4: Energy dependent SPA-LEED scans for Si(553)-Au: (a) The direction perpendicular to the
wires shows inclined Ewald rods, since the SPA-LEED was set to a (111) surface setup. The
black dots indicate the slope expected for ideal conditions. The dashed white line indicates
the direction of the extracted line scans. (b) Energy dependent scan in the direction parallel
to the wires. Dashed lines indicate conducted line scans.

the quality of the array. Measurements parallel to the wires resulted in information about the length of
these wires. All scans have been aligned to the (111) surface. Therefore, the (553) Ewald rods in (a)
are inclined with respect to their real space inclination of 12.5°. Those rods do not completely match
with their theoretical expectations given by the black dotted lines. The reason is an imperfect correction
of the electron beam shift over a large energy scale, in this case 95€V to 345€eV, in combination with
the typical pillow distortion of a SPA-LEED.

As clearly evident, the reciprocal space map is covered with rods that only show minor modulation,
indicating a very good sample condition. Additionally, faint rods aligned upright at around —11A7"
and 0.9A " are the (111) 1 x 1 spots of the surface, indicating also the formation of such facets, pos-
sibly due to the compensation of an imperfect cutting direction. However, as there are no additional
superstructure spots visible for these facets, they must be of very small size.

Line scans perpendicular to the formed wires were extracted for the five denoted rods to obtain
quantitative information about the surface. The line scan direction is denoted by the white dashed line.

These data were then fit with Voigt functions. This fit procedure is exemplarily shown in Fig. 6.5 (a) for
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(a) Exemplary fit for S = 7.25 (b) Variation of the Lorentzian part
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Figure 6.5: Variation of the Lorentzian underground in direction perpendicular to the wires for the rods
denoted in Fig. 6.4: (a) shows a exemplary multiple Voigt fits for S = 7.25 with the decon-
volved Lorentzian and Gaussian parts in the lower panel. For better visibility the widths
have been multiplied by 50. In (b) the variation of the Lorentzians widths is depicted as a

function of the Phase S. The data of each rod were shifted by 0.02 A" for better visibility.
The pale bars in the background indicate a rough approximation of the variation of the data.

S = 7.25. From these fits, the width of the Lorentzian part was extracted and plotted in Fig. 6.5 (b).
None of the peaks shows a trend of parabolic or sine behavior, but they are rather randomly distributed
around a constant. Their variation around the mean value is approximately 0.015 A_l, indicated by the
colored bars in the background. An instrumental part is in this case already taken care of by an offset.
Using the approximation of Eq. 2.13 results in a lower limit for the lateral ordering of > 2504, i.e. at

least 17 wires.

Furthermore, Fig. 6.4 (b) shows an energy dependent scan on the same sample for the direction par-
allel to the wires. As the rods cut this direction only for an in-phase condition, the intensity is only
given there. The streaks in the graph correspond to the x2 reconstruction of the surface. The widths of
the Lorentzian part were obtained at the positions depicted by the white dashed lines in analogy to the
perpendicular part, see Fig. 6.6. Assuming a geometric distribution of wires that are only separated by
defects, the width of the Lorentzian background function can be considered constant for all scattering
phases S. Thus, also the width of the in-phase condition yields a mean wire length via the same approx-
imation of Eq. 2.13. An average value of 0.045(9)10\_1 computes from all given fits. After subtracting an

instrumental broadening offset of ~ 0.01 A as seen during the H(S) analysis of Chapter 10, a lower
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Intensity (arb. units)

Figure 6.6: Line scans across the central spot in the direction parallel to the wires: The curves corre-
spond to the dashed lines in Fig. 6.4 (b). The data were fit with a Voigt function by the solid
lines. The deconvolved Lorentzian part is depicted by the dashed lines.

boundary for the chain length results in [ > 115A. The x2 streaks at S = 6 have a width of 0.03 AT
Carrying out the same calculation, wire lengths of [ > 200 A are obtained.

These values are compatible with chain lengths reported for plasmon measurements carried out
with IR resonance [150] observing chains of several 100A length or with wires investigated by STM
[123, 117]. Moreover, these lengths allow investigating the system with the EELS-LEED as the longest
wavelength possible is A = 21 & 400 A corresponding to momenta of < 0.015 A", With the wires being
statistically distributed, also slightly longer chains are available to excite plasmons with even longer
wavelengths.

Knowing the structure and having estimated the quality of the wires, the substrates allowed to carry
out electron energy loss spectroscopy measurements in the following chapter.
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Plasmonic Excitations in Si(hhk)-Au

This chapter covers the properties of the collective excitations of electrons known as plasmons on the
vicinal silicon systems. First, the general shapes of the excitation spectra from EELS are discussed. The
following part tries to explain the slope of the plasmonic dispersion relation both by empiric comparison
as well as by a modification of the single particle excitations for the plasmon model of one-dimensional
quasi-free electrons. Finally, an analysis of the widths of the excitation peaks in the spectra is carried
out for the discussion of further properties as, e.g., lifetime. Parts of this chapter were already published
in Refs.[131] and [151].

7.1 Electron Energy Loss Spectra

As introduced in the previous two chapters, on all of the Si(hhk)-Au systems electron energy loss spec-
troscopy measurements were performed. Fig.7.1 and Fig. 7.2 shows sequences of loss spectra on a
semi-log scale as a function of increasing k. The left part of these graphs show spectra for increasing k |
in [112] direction, i.e. perpendicular to the wires. The spectra along the wires for kj in [110] direction
are shown from center to the right. The data are plotted normalized to the intensity of the elastic peak.
Additionally, the curves are shifted upwards with increasing k. The integration time of the curves was
~ 5s per data point measured with a resolution of 7meV. As the signal from the Si(335)-measurement
was weak due to a presumably far from perfect sample preparation, for Fig. 7.2 (a) the curves were

smoothened by a local linear regression in every point to the surrounding next neighbors.
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Figure 7.1: Electron energy loss spectra for Si(553)-Au and Si(775)-Au: (a) Raw spectra for the Si(553)-
Au high coverage phase with k perpendicular (center to left) and parallel (center to right)
to the extent of the terraces. A dispersing excitation can be seen only for the parallel direc-
tion. (b) Component functions and resulting fit that was used for all spectra of the systems
investigated in this chapter. (c) Raw spectra for the low coverage phase of the Si(553)-Au
system in parallel and perpendicular direction: A dispersing feature only parallel different
to the high coverage phase is visible. (d) Raw spectra in perpendicular and parallel wire
direction: Also here, a dispersing feature in parallel direction is present. The spectra are
shifted in intensity for increasing k for better visibility.
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Figure 7.2: Electron energy loss spectra for Si(335)-Au (a) and Si(557)-Au (b): Both systems show a
dispersing excitation only in the k-direction parallel to extent of the terraces. Like in Fig. 7.1
the spectra have been shifted upwards in intensity for increasing k for better visibility. The
raw data of Si(335)-Au is filtered by a moving average to the next neighbor due to a poor
reflected intensity.

Close to k = 0 the spectra do not show any excitation peaks apart from the peak originating in the
elastically scattered electrons at E = 0. One might argue that there is a slight excitation visible, strongest
in Fig. 7.1 (a) for Si(553)-Au, indicated by the dashed line. There are two possible explanations for this
effect. However, an attribution to a quantum-well state can be ruled out. Investigations by Fourier
transformed IR spectroscopy with the same preparation method reveal wires of > 100A length [150],
an estimation of the wire length in the last chapter resulted in lengths > 200A. Their appropriate
energies are almost zero and can additionally be ruled out by the resolution mentioned before. On the
other hand, eigenenergies of a quantum-well with a width of only several A perpendicular to the wires
will be much higher than observed. Moreover, the peak could have its origin in the k resolution of the
loss spectrometer. Therefore, even at k = 0 a small signal from k # 0 in wire direction is present. This
suspicion is strengthened by the fact that this peak remains at the same loss energy for increasing k| .
However, it dies out less quickly than expected for the resolutions of the spectrometer of ~ 0.01 A
Nevertheless, a residual parallel momentum for all k; due to the resolution as well as is the most

probable influence.

Another influence is the shape of the inelastic intensity next to the elastic peak. All spectra show

this to first order exponentially decaying loss intensity next to the elastic peak, known as the Drude tail
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[152, 89]. This background is also seen in other quasi-one-dimensional systems [31, 28, 29] that is a
typical signature of the low-energy single particle excitation continuum in metallic systems. Therefore,
all the investigated systems seem to be metallic, in agreement with ARPES, [113, 103, 115, 104], and for
Si(553)-Au and Si(775)-Au with STM data [117, 130]. However, this exponential decay is just the first
approximation. Slight variations from this behavior are possible, as the internal electronic structure of
the system also influences the Drude tail. A combination of the resolution and this Drude tail variation
are most probably the reason for the deviations and also the explanation for the faint, but pronounced
shoulder in the curve for Si(553)-Au.

In the direction along the wires, the spectra show clear loss features that shift to higher energies with
increasing scattering angles, i.e. increasing k. In the k, direction across the wires, the data exhibit no
dispersing modes.

When comparing the dispersing features of all spectra, a definite difference in the size of the shift is
directly visible, as depicted by the dashed lines through the loss maxima. This result is to some extent
surprising as all systems seem to have similar kr and effective mass m*. Therefore, a similar dispersion
relation is expected according to Egs. 3.20 and 3.13. Even for the Si(553)-Au low coverage phase a
clear difference can be identified, although, according to ARPES [104], the two systems share the same
electronic band structure within only a few % variation.

Any additional small features visible near the elastic peak are attributed to small residual gas adsorp-
tion. It was tried to reduce this effect by taking special care about the pressure and its composition.
Anyhow, the small feature at ~# 100 meV, mainly pronounced on the Si(335)-Au surface, is most likely
due to a Si-OH bending mode [153].

All spectra with an apparent loss peak were accurately fit by the following parametrization: Gaussian
type functions describe the elastically scattered peak and the loss peak, whereas exponential functions
approximate the Drude background. A linear offset is used for the background intensity. The appropriate
parts as well as the resulting curve exemplarily overlay the experimental data for Si(553)-Au at k| =
0.04 A in Fig. 7.1 (b). The same routine was applied to all spectra and, thus, led to the experimental

dispersion relations of the plasmons.

7.2 Two-Dimensional Crossover of One-Dimensional Electron Density

The plots in Fig. 7.3 and Fig. 7.5 show the extracted data from all measurements on the Si(hhk))-Au
systems with negative inclination in [112] direction, in particular Si(553)-Au in both high as well the
low coverage phases, and the Si(775)-Au system.

Measurements were carried out at an incident energy of the electron beam of 20eV and 36 eV. Addi-
tionally, the temperature of the system was changed from room temperature (RT) to low temperature
(LT) < 120K by the use of liquid nitrogen. A more exact determination of the temperature cannot be

given due to the sample holder setup, see Chapter 4 for further information.
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Figure 7.3: Dispersion relation of Si(553)-Au and Si(775)-Au: (a) The dispersion of Si(553)-Au is not

changing by change from room temperature (RT) down to < 120K (LT) nor by the change
of the initial excitation energy from 20€V to 36€V. It is but depending on the coverage
when only evaporating 40 %, i.e. 0.19ML, as given by the triangle data. (b) The same
independence holds true for Si(775)-Au, a low coverage phase was not observed.
The fits correspond to the modified quasi-one-dimensional low-k approximation originally
introduced by Das Sarma et al. [25] as explained in Eq. 7.1. The shaded area in the back-
ground indicates the extrapolated electron-hole excitation spectrum of a parabolic band fit
to ARPES.

Within the accuracy of the measurements, no changes could be resolved although at least the Si(553)-
Au systems undergo an electronic phase transition for lower temperatures [111, 117]. Though a transi-
tion to a partial x3 superstructure was observed, a change in the energy of the plasmon for even lower
temperatures cannot be ruled out altogether. In the present case, most likely the majority of the wires
did not yet feature the low-T phase, as it is the case for an observed defect pinning in Ref. [123]. Defects
are also responsible for a varying transition temperature that is inversely proportional to the density of
defects along the step edge [124, 154]. They are not characterized in detail and, thus, could be of any
kind, such as a missing atom or OH bond to the step edge. In addition to a Peierls distortion, it provides
a mechanism that can lower the total energy for 1D chains.

In this picture just described, the main signal is generated by the RT phase and, therefore, it explains
that no change was seen. However, this is in contrast to recent results of Hotzel et al. [155], where a
temperature dependent shift of the plasmon energy was seen. As this shift was on the scale of several

meV, the resolution of the EELS is not sufficient for its detection.
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When preparing the Si(553) substrate to a state where only every second terrace is covered with gold
wires, i.e. the low coverage phase, a change in plasmon dispersion is visible. As all systems seem to
be of a one-dimensional character, they should be compared to 1D plasmon theory, cf. chapter 3. The
theoretical approach there is to use a confined quasi-free electron gas with near-field STLS corrections.
With this background, the shift can be explained by wires that are further apart and, therefore, the
blueshift induced by the change of the wire spacing d is lower, cf. Fig. 3.3.

Nevertheless, in comparison with the Si(775)-Au dispersion, there is a shift to lower energies similar
to the one observed for the low-coverage phase of Si(553)-Au. From ARPES data [103] a higher electron
density with the same effective mass of the band lower in energy in combination with a denser spacing
than for the low coverage phase should lead to a dispersion with a slope that is placed between the two

already discussed curves.

These results already show that the use of a quasi-free electron gas model leads to massive difficulties
regarding the systematics acquired by the theory of chapter 3. When additionally depicting the extrap-
olated single-particle excitation spectrum in Fig. 7.3 in light red for Si(553)-Au (a) and light blue for
Si(775)-Au (b), one can see that the experimental dispersions cross this regime. This behavior is highly
unlikely due to the strongly increased probability of the decay into electron-hole pairs. Correspondingly,
a plasmon described by theory should always be above the upper boundary w, of this Landau regime,

in contrast to the experimental findings.

A quantitative fit was only possible by an empirically modified low-k approximation of coupled wires
in a periodic array of square-well potentials, as earlier described in Eq. 3.20, and also carried out in
[131, 151], given as

E(k) = hkwoa, \j Ko(ka) +2 " Ko(kld) 7.1
=1

The modification is the introduction of a, as an arbitrarily chosen normalization constant with dimension

System d@A) t@A) n(m™hH m*/m, || a (A alt

Si(553)-Au HCW 14.7 14.7 2.9x10’ 0.6 79 054
Si(553)-Au LCW  32.7 16.4 2.9x10’ 0.6 9.8 0.59

ROt 213 213 3.0x107 06 | 110 052
$i(335)-Au 126~ 126 20x107 04 || 54 043
$i(557)-Au 192 192 24x107 06 | 46 024

Table 7.1: Input values on the left taken from Ref. [103] and the resulting effective widths a from fitting
the given data with the modified model given in Eq.7.1. The resulting width was normalized
to the width t of the terraces that host the Au chain. Respectively, t = d except for the low
coverage Au phase on Si(553).
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dI/dU (U=6.4 meV)

Figure 7.4: Combined image of STM and STS on Si(553)-Au around Ep. Bottom: Topography image
(U = 0.1V, I = 50pA) showing the bright Si honeycomb chain at the step edge and the
period doubled Au chains in between. Top: dI/dU map recorded with lock-in technique
(Umoda = 10mV) close to the Fermi energy (Upc = +6.4meV). The DOS is significantly
enhanced at the Au chains with a FWHM of 6.5 A. The image was captured by Julian Aulbach
and already published in a collaborate publication of Ref.[131].

length. Still, the frequency constant remains

2ne? 7.2)
wWn = E——— .
0 4meeom*a

With these changes, the equation is strongly depending on the first part defining the general inclination
of the dispersion by a distribution of the electron density to the wire width a. The two terms under the
second square root account for the self-interaction of a single wire and the interaction between different
wires at multiples of the interwire spacing d. The one-dimensional electron density n = 2kg/m as well
as the effective mass m* have been taken from the energetically lower band S2 observed in ARPES
[103] assuming a quasi-free electron character, cf. Fig. 5.4. The experimentally derived ratios n/m* are
identical within 8 % for both bands in all systems leading to two degenerate plasmons within the given
theory.

Fig. 7.3 shows the fits as an overlay to the extracted data with a, = 6.64A set to twice the Si-Si
distance for the lateral extent of a double chain. During fitting a was the only free parameter, the input
values are shown in Tab. 7.1, the surrounding € = (11.5 + 1)/2 was taken as the mean value of silicon

and vacuum. This value was used because of its usage in other plasmon papers [79, 74] originally
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Figure 7.5: Dispersion relations of Si(335)-Au (a) and Si(557)-Au (b): All data have been extracted
from loss measurements with E; = 20eV at room temperature. The fits correspond to the
modified quasi-one-dimensional low-k approximation as given in Eq. 7.1. Again, the shaded
area in the background indicates the electron-hole excitation spectrum for the bands from
photemission data.

referring to Ref.[156]. The terrace width t is identical to the periodicity for Si(553)-Au in the high
coverage phase and Si(775)-Au. For Si(553)-Au with low coverage, a closer look has to be drawn to
the structural model in chapter 5 proposed by Song at al. [104]. The x5 terraces not covered by gold
are under tension with the consequence of atomically rough edges. This roughness gives the electronic
system on the gold covered surface the possibility to spill out into the uncovered neighboring terraces
by approximately 0.5a, = 1.7A, leading to a slightly wider terrace of t = 16.4A.

The resulting effective widths obtained by this routine are given in Tab. 7.1, slightly optimized with
respect to Refs.[131, 151]. The wider the terrace is, the wider also the widths of the wires seem to be.
When normalizing them to the terrace width t, the same factor y ~ 0.55(4) is obtained for Si(553)-Au
HCW, LCW, and Si(775)-Au. These findings can be summarized by

n

COPOC

— (7.3)

with a = yt meaning strong lateral distribution of the electrons within each wire. This factor is strongly
extending the standard 1D plasmon properties.

Comparing the data with an actual STS map as given in Fig. 7.4, the values obtained seem to be a
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reasonable result. The image shows a high contrast in the DOS around the Fermi-level at the position
of the gold chain. The width of this intensity is also very close to twice the Si-Si distance = 6.64A in
the direction perpendicular to the wires yielding another possible interpretation.

Playing this empiric trick further with the data for the two other surface orientations as shown in
Fig. 7.5, it will work for the Si(557)-Au system when normalizing to a, = 3.32A. This width has been
chosen as there is a single Au chain in this system. The normalized a/t = y = 0.24 is then approxi-
mately half the value of that one derived from the systems with negative inclination, i.e. Si(553)-Au
and Si(775)-Au. The game changes for the last system in the family, Si(335)-Au, leading to a wider
effective width though having a narrower terrace. It also behaves differently in ARPES already, as here
the effective mass is only m* = 0.4m,. Additionally, why the same atomic assembly of Au on a different
system leads to a different electronic band structure, remains to be clarified. A much lower electron
density would be needed here for the proportionality to work.

Summarizing the results of this section, a dependence of the slope of the plasmonic dispersion on
the terrace width t was observed for negative inclination, i.e. the Si(hhk)-Au systems with h > k. In
particular, the electrons on the Si(553) and Si(775) surface distributed over the full terrace. This picture
does not hold true entirely for the positive inclination, i.e. Si(335) and Si(557). Consequentially, the
electronic band structure seems to be of a more complex composition than just extrapolated parabola
as observed in photoemission spectroscopy. Anyhow, the starting slopes depicted for the dispersions
shown still resemble the overall slope coming from this simple theoretical approach. This result shows
that the essentials to understand the mechanisms of those quasi-one-dimensional systems might only

need a slightly changed ansatz in plasmon theory. An approach of this kind is made in the next section.

7.3 Deviations from the Quasi-Free Electron Character

Although giving already some insight into the systematic behavior of the changes in the electronic
structure, the description via an empirical modification is unsatisfactory. It explicitly shows that the
band structure is not given by a simple parabola, as the plasmon dispersion enters into the electron-hole
pair continuum that unavoidably would lead to a strong damping. Therefore, this approach is rather
unphysical. Additionally, there is a strong correlation between the electron-hole excitation boundaries
and the plasmonic dispersion, as given by Eq. 3.13. It defines the slope by the difference of the upper

A(k) that takes the Coulomb interaction between all electrons

and the lower edge weighted by a factor e
into account. Thus, changes of the Landau regime are required for a description of the plasmon.
Albeit the derivations of Chapter 3 are explicitly carried out for a parabolic dispersion of a quasi-
free electron gas, this derivation should also work for any kind of dispersion and, therefore, for any
given electronic band structure. In order to be able to describe the plasmon with such an approach, the
single particle excitations of the system must obey various rules, i.e. the electronic band structure of the

system must deviate from that of a quasi-free electron gas and allow a distinct definition of electronic
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Figure 7.6: Computation of the plasmon dispersion (a) as taken from the numerically derived electronic
band structure of Ref.[121] for Si(553)-Au (b): The electron-hole pair continuum is given
by the orange striped region, limited by the limits w, and w_ originating in the shape of the
electron bands. The thick red line corresponds to the case of coupled wires. The dashed line

. . . e—1 .
denotes the single wire case. A good agreement is found up to~ 0.1A . As a comparison,
the electron-hole continuum for the system without hybridization is shown as the shaded
red area.

states. Recent band calculations for the systems were carried out by the Paderborn group around W.G.
Schmidt, S. Sanna, et al. and were published in Ref.[121], the Korean group in Pohang of H.W. Yeom
et al. [104], as well as the Polish group in Lublin of M. Krawiec et al. [134]. Indeed, the electrons
show a noticeable deviation from a quasi-free character. In contrast to the experimental data, they do
not show pronounced parabolic Au-induced bands. Instead, they predict a hybridization of all surface
bands arising from the step edge as well as eventually occurring bands from the Si-adatom/restatom

chain with the states that originate in the presence of the Au chain, as already discussed in Section 5.3.

However, the states that have the highest probability density around the Au chain, indeed have a
parabolic shape in reciprocal space. Anyway, their curvature, Fermi wave vector kg, as well as their
energetic minimum slightly deviate from the bands observed in ARPES. Moreover, it remains unclear
why photoemission is that selective to only the states that have the highest probability density around
the Au atoms.

The numerically derived band structure of the high coverage phase of Si(553)-Au of Ref. [121], given

by the green lines in Fig. 7.6 (b) was now taken to extract the single particle excitations w.. In this
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case, w, was the band structure above the Fermi-energy, and w_ the states below. These data were

then used to calculate the plasmon dispersion via Eq. 3.13

w? eAlk) — 2

T (7.4)

wp(k) =

when taking the Fermi wave vector kp as a new reference for k = 0. Here, the effective mass necessary
for A(k) was chosen to be the one at kp. For the present band structure it calculates to m* = 0.23m,..
The Coulomb matrix element v.(k) was calculated for a Gaussian periodic distribution of electrons with
d =14.7A and w = 6.6 A, i.e. the experimentally observed shape in Fig. 7.4 corresponding to twice the
Si-Si distance. As already pointed out in Section 3.3, there is no difference in the Coulomb element
v.(k) between square-well or harmonic confinement when the width w is small enough (< 0.5d).

The results are shwon in Fig. 7.6. Represented by the red line is the resulting plasmon dispersion for
the case of coupled wires, the single wire case is depicted in dashed red. Up to k; = 0.1 A thereis a
good description of the data. As already concluded in the last section, the overall shape for these low k
values favors coupled wires over isolated ones.

The striped area is the electron-hole continuum as derived from the band structure. It is delimited
by the black lines that correspond to w, and w_. The shaded area in the graph shows the electron-
hole continuum when taking the bands observed in photoemission [103]. Here, the plasmon even
completely crosses this regime, making it a highly unfavorable situation. Although the difference in w,.
between the calculated and the experimentally obtained band structure is not severe, the change of w_
is highly different. This variation of the lower boundary is highly responsible for the starting slope of
the dispersion relation.

As these results take into account the hybridization of the bands of the Au chain with the Si honeycomb
states below the Fermi level, it also concludes that the hybridization is a necessary condition to describe
the behavior of the plasmon dispersion. Therefore, it also strongly supports the general result of a
hybridization in the numerical calculations.

Anyhow, the dispersion relation cannot yet be explained for higher k with this approach. Because of
the dispersion relation but still entering the single-particle continuum, further modifications to theory
or variations of the numerically derived band structure are necessary. The plasmon is still expected to

converge to w, for higher k.

7.4 Computation of the Electron-Hole Pair Continuum Boundary

The question now is: How should the shape of the upper boundary of the electron-hole pair continuum
look like to describe the plasmon dispersion that was observed? To answer this question, the calculations
are turned around. Instead of calculating the dispersion of the plasmon, the measured data is used to

derive this boundary w, assuming the simplifications made in the last section. By a simple algebraic
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conversion, the relation of Eq. 3.13 was changed to

2 ) _ 2
w0, (k) = \J w3 (k)(eA D+ o)_(k). 7.5)

eAlk)

Here, as with increasing k the values of A(k) increase, the convergence of w_ = wp for high momentum

is still present.

7.4.1 Si(553)-Au in High and Low Coverage Phase

Now, as the low-k data was already a good description, the calculated electronic band structure up to
Ep was taken for w_. Its influence is only of importance for values around kg, i.e. k = O for the plasmon
dispersion, as the difference between w, and w_ sharply defines the starting slope of the plasmon, the
fine tuning is done by v (k). The effective mass and the Coulomb matrix element remained as before.
The resulting «_ data points shifted by kp are plotted over the numerically derived bands along the
chain direction in Fig. 7.7.

Of course, the correspondence is good for lower energies up to 500 meV as this part was already nicely
describing the plasmon in Fig.7.6. But now a deviance from the electronic band structure is directly
visible. Interestingly, the starting point of this variation is near a crossing point of two bands. This
unavoided crossing results in calculations for only x1 periodicity in chain direction with subsequent
back-folding at the new Brillouin-zone boundary. For an explicit x2 calculation one would expect a
band-gap to open there. Other band structure calculations explicitly take a dimerization of the Au
chain into account [112, 157]. Indeed, in those calculations a band gap opens at the crossing. Recent
results also predict the width of the band gap to depend on the dimerization of the Au chain'. Please
note that the band structure calculations are for T = 0K, whereas the plasmon measurements have
been carried out at room temperature.

For further guidance, additional information has been added to the figure. The thick red line demon-
strates the honeycomb chain-induced band that hybridizes with the two Au chain bands. The Au bands
as observed in ARPES measurements [ 103] are depicted as the thick yellow curves. Here, albeit a sim-
ilar inclination, a high difference can be observed. This mismatch can either be an energetic offset
with an origin of an altered or aged surface during the experimental setup, or also an underestimation
of the energetic distance between occupied and unoccupied states in the numerical calculations with
subsequent misalignment of the Fermi energy. The difference might but also be in momentum due to
misaligned angles during the photoemission.

Experimental STS data at 77K from Aulbach et al. [117] at various sites on the surface has been
added to the right side of the band structure sketch, aligning the bias axis to the energy axis of the

band structure. Non-ordered local spin-polarized electron densities at the step edge are theoretically

IPrivate communication Simone Sanna
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Figure 7.7: Calculated upper boundary of the excitation spectrum for Si(553)-Au: The graph features
w. shifted to ky as derived from the plasmon excitation given as red circle in respect to the
electronic band structure given by the green lines taken from Ref. [121]. The red dotted
curve represents a speculative extrapolation of w,. The red line is a sketch of an unhy-
bridized band from the Si honeycomb step edge. Yellow lines show a parabolic fit to the
data from Crain et al. [103]. To the right side, STS data from Aulbach et al. [117] is scaled
according to the Energy axis of the band structure. These data indicate a missing state at
around 0.45eV.

predicted in this temperature range. Therefore, denoted as spin-polarized, the blue curve stands for
the high density in STM at the Si honeycomb chain step edge, whereas the green curve is for the lower
density there. The yellow curve is the measurement on the Au chain. The overall behavior of the dI/dU
data resembles more or less the band structure given, except in the region around 500 meV and above.
STS sees no states below 0.75V, predicting a higher energetic region for the band gap. Additionally,
according to all STS curves a high DOS should be visible slightly below 0.5V. As STS is more sensitive
to states around I', the pronounced peak in the data suggests a high density at the Brillouin-zone center.
As the STS data has but been carried out at 77K, this strong DOS will be related to a x3 superstructure
that features a a band gap in this energy [120].

Fortunately, also band calculations were available for the low coverage phase [104]. Unfortunately,
they lack a complete description of the unoccupied states. Therefore, a direct computation of the plas-
mon as carried out for the high coverage phase in Fig. 7.6 was not possible. As a consequence, only
the same procedure of deriving . for the occupied states was possible as depicted in Fig. 7.8. In this

case, the band in green as extracted from Ref.[104] has a Fermi-level that is 0.12eV higher in energy.
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Figure 7.8: Calculated upper boundary w, for Si(553)-Au in the low coverage phase: The plot shows
w. as derived from the plasmon dispersion shifted by k. The calculated band structure in
green is taken from Song et al. [104]. Sketched in red is the Si honeycomb state, yellow line
represent the parabolic fit of the photoemission data. The red dotted curve is a presumed
extrapolation of w,. In pale purple dotted lines the electronic band structure of the high
coverage phase has been added by shifting the Fermi level to fit to the unoccupied states
from Song et al., also indicated by the two Fermi level lines.

The green band up to Ey was used to calculate back to w,. The Coulomb matrix element v (k) was
computed with d = 32.7A and w = 6.6 A. The effective mass was chosen to m* = 0.3m, resulting from
the band at k.

A similar slope can be observed as for the high coverage phase. A deviation of w_ occurs again around
the crossing point, where a band gap is supposed to open, though, being slightly stronger curved. For
comparison, the bands of the high coverage phase were aligned to the part of the band structure and
plotted in dotted pale purple. Interestingly, the bands could be aligned completely on top of each other
for the occupied states when shifted downwards in energy by 0.12eV. Additionally, the derived upper
boundary from the high coverage phase was added in pale purple circles, also shifted by the same
value of 0.12 €V, i.e. the Fermi-level difference of the two systems. Here, a slight difference in overall
inclination to the low coverage’s w . is directly visible.

In conclusion, there is a close electronic similarity between the HCW and LCW phase: They both
seem to share a resembled band structure shifted and compressed in energy. This energy difference
might be due to the difference in terrace size of 0.5a; mentioned before, leading to a shift of the

eigenenergies of the potential perpendicular to the conduction channel. Depending on the shape of the
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edge of this confinement, a compression is possible, i.e. the energetic distance of the eigenenergies does
not necessarily stay the same. This compression then leads to the lower increase of w, as a function of
k for the low coverage phase. For the plasmon dispersion this means that the difference in the starting
slope is, thus, not only caused by the damped blueshift due to a wider distance in the array, but also
by an overall decrease of the band structure. Another possible influence is the possibility of slightly
different dimerizations of the Au chain that change the width of the band gap in the unoccupied states.

Comparing the experimentally recorded band structure from photoemission from the same paper of
Ref.[104], the calculations are in this case closer to one band, but have a stronger offset to the other
one. Bands arising from the 5 x 5 terraces were neither visible in photoemission spectroscopy nor in
calculations nor taken into account in this approach. Anyhow, this reconstruction type should only lead
to non-dispersing states and, therefore, its bands would lie outside of this area of interest. Anyway,
the deviation of w, from the calculated states as well as the STS data highly enforce to reconsider the
calculations made. Particularly in the unoccupied states, both systems show substantial deviations at
the unavoided band crossing points.

Nevertheless, all electronic band structure calculations used are carried out at zero temperature.
Most measurements, however, took place at room temperature, some at around 120K. Therefore, the
electronic band structures in the experiments do not necessarily look like the ones from the calculations.
Furthermore, the discussion about the x2 and x3 superstructure steers in the direction of a metal-

insulator phase transition taking place below 100K [123].

7.4.2 Si(775)-Au

Due to an additional structural motif of a Si adatom chain, the system gets a bit more complex. A
numerically derived electronic band structure from Christian Braun [132] is plotted in Fig.7.9. The
solid green lines correspond to the computation with Perdew-Burke-Ernzerhof (PBE) approximation
[158]. This approximation is also the common method of quickly obtaining a structures electronic states.
The highest difference to these bands results from Heyd-Scuseria-Ernzerhof (HSE) hybrid functionals
[159], a more accurate but time consuming approach. This difference between the two approximations
is shown to illustrate the possible variance that might occur when using different methods. It also
shows that for consistency within a systematic investigation, it is essential to use the same approach for
all systems.

However, this system features various band gaps, e.g. bands 1 and 2 are induced by the additional
adatom/restatom chain. However, such a case is not covered by a simple one-band-approach that only
deviates from a parabola. Whereas a definition of the lower boundary «w_ is still easily possible, a precise
curvature of w, cannot be extracted. Thus, one could simply assume that only the overall excitation
spectrum for the plasmon is necessary for its excitation. Nevertheless, this approach overcomplicates
the investigations and leads to huge uncertainties. Additionally, the question arises which bands are to

be to included into this method and which ones should be left out.
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Figure 7.9: Calculated w, for Si(775)-Au: The data have been derived by taking the lower boundary
from the electronic band structure from Christian Braun [132] around kp: blue circles show
the result for electron-like behavior, dark blue dotted triangles for a hole-like plasmon. The
band structure given by the green line was calculated by HSE functionals, the shaded area
depicts the difference to PBE functionals. The bands are numbered arbitrarily around E.
The Si honeycomb state is sketched in red, yellow lines depict the data as observed in ARPES
[103]. To the right STS data from Aulbach et al. [130] is aligned to the energy axis of the
band structure.

As the present electronic structure allows to estimate w_ from the flat band around Ej at 0.351 /o\_l,
resp. 0.467 A_l, the approach was used to directly start calculating the upper boundary from the plas-
mon dispersion and to compare it with the numerically derived electronic band structure afterward.
These values are given by the blue dots. The effective mass at kp was calculated to m* = 0.08m,, v.(k)
was derived numerically with distribution width w = 6.6 A and periodicity d = 21.7A. Due to this very
small effective mass and, hence, a larger correlation function A(k), the curvature of w, alost completely
determines the plasmon dispersion. For an approach to the unoccupied states, w, is running through
two band gaps, touching only some states for the first band (1) over the Fermi-level only for the PBE
calculations. It then tends to converge to the HSE state in band 2. However, those two bands from
calculations with HSE functionals can be attributed quite well to the DOS probed by STS spectra on the
right [130].

Another approach is to look at the hole character of the Oth band with only a minimal amount of
charge carriers inside. The resulting w’, is then faced downwards and depicted by the dark blue dotted

triangles in Fig. 7.9. The slope follows the states of band 0 straightly. After apparently ignoring the band
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gap, the data follows the slope of band —1, though favoring the calculated PBE states instead of HSE.
Comparing the —1st band with the measured DOS, a slight energetic upshift is plausible. This upshift
would then hit the sketched red Si edge band.

Additionally, this plot also shows the parabola fitted ARPES data in the fat yellow curves. The calcu-
lated data as well as a)jr are compatible with their slope. Nevertheless, also in this system the hybridiza-
tion of the Si edge band with the Au-induced states leads to a strong deviation that cannot be seen in
photoemission. The back-folding of the electronic band structure, on the contrary, is reproduced by the
numerical calculations but it cannot be seen by plasmon spectroscopy.

Furthermore, the question arises if this one-band approach is still valid. And if so, why is the plasmon
spectroscopy ignoring band gaps? This issue cannot be overcome without changing the band structure.
From the current point of view it seems likely that there is a selection rule defining the wave functions
that contain the electrons for the excitation of the plasmon. Anyway, a one-band approximation must
be the correct approach since there is only one plasmon visible in the loss spectra.

Besides, the numerical calculation only show those electronic states with a very low imaginary part
that have a considering lifetime. However, there are possibly also electronic states with a relatively high
imaginary part in the band gaps that participate in the formation of a plasmon.

In conclusion, the plasmon observed in Si(775) is most likely of hole-like character. The much wider
terrace acting as confinement potential shifts the bands down in energy. In combination with the hy-
bridization of the Si adatom states and the subsequent opening of band gaps, it leads to this almost
entirely filled conduction band. This metallic behavior could also be confirmed by a pronounced Drude
tail in the raw spectra of Fig. 7.1 (d) and, therefore, at least one band has to cut the Fermi level. These
results, however, only favor the hole behavior, but they do not confirm it. By slight changes in the band
structure for the unoccupied states featuring parts with an inclination comparable to those of w, and
smaller band gaps, the plasmon can also have its roots in those states. It is possibly correlated to a
temperature dependent effect, such as a structural or electronic phase transitions. Therefore, special
care has to be taken about the resulting band structures. Please add in mind that the photoemission
data by Crain et al. [103] were recorded at ~ 100K. Their measurements should also be re-checked as
their samples might have aged leading to the adsorption of OH at the step edges altering the electronic

band structure of the system.

7.4.3 Si(557)-Au

The electronic structure of Si(557)-Au also features a rich variety of bands with corresponding gaps,
also shown in Fig. 7.10 by the green cruves. Here, the same behavior as for the Si(775)-Au system is
present. The states from the Si adatom chain (band 2 at I'), Si restatom chain (band 1 at I"), as well as
the Si edge band (band 0 at I") hybridize with the now single band from the Au chain. The Si honeycomb
chain band is sketched in red. Only one band from the Au chain is present as the chain is only of single

atomic width. Therefore, the bonding-antibonding splitting does not take place.
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Figure 7.10: Calculated w, for Si(557)-Au: The band structure was taken from Edler et al. [121] and
the resulting upper boundary of electron-hole excitation was derived for the electron-like
(orange circles) and hole-like (dark orange dotted triangles) case. The red line approxi-
mates the pure Si honeycomb state, yellow line shows a parabolic fit to the ARPES data
[103]. To the right STS data of Aulbach et al. has been added [130] aligning the bias
voltage to the energy axis.

Here, again, one runs into troubles similar to Si(775)-Au: What defines w, having all these band
gaps? Therefore, also the two approaches as for Si(775)-Au have been carried out. First, as a quasi-free
electron situation, band 0 has been taken up to Ej for the definition of w_. In this case, the system
features an effective mass of m* = 0.23m,, the lower boundary of the system is given by the occupied
states of band 0. The Coulomb matrix element v, (k) was now calculated with a periodicity of d = 19.2 A
and w = 3.3A according to a chain of single atomic width. The resulting data for w, is then given by
the orange circles, resulting in a slope that reasonably agrees with the states of band 3. However, three
band gaps had to be ignored for this approach.

The other case is a hole approach taking the negative curvature of band O into account. Here, the
effective mass results to m* = 0.5m,, v (k) is the same as for the other case. The result w’, is given
by the dark orange dotted triangles. The data deviate from the given band structure rapidly and also
ignore the present gaps.

These results are somewhat unsatisfactory, also given the fact that the band calculations seem to be
fine according to the peaks in the STS spectra on the right [130]. However, if one only takes the overall
excitation spectrum itself into account, the spectrum of the occupied states approximately fills the band

gaps in the unoccupied region and vice versa. Therefore, the system switches between electron and

96



7.4. COMPUTATION OF THE ELECTRON-HOLE PAIR CONTINUUM BOUNDARY

hole plasmon excitations. When reaching band 3, it is purely electron-like again.

Another possibility of ignoring the band gaps is an uncertainty of w, in these band gaps. With the
example for a momentum of 0.0410\_1, indicated by the black arrow, there is no state with the same
group velocity for the measured energy. It is, however, possible to make single particle excitations for
that k, as shown by the two blue arrows. The black arrow is then approximately the mean vector of those
other two. For this behavior, a strong increase of the peak widths is expected around this momentum.

There are also two findings in the literature that are compatible with this hypothesis. One is that the
widths of the plasmon peaks in the loss spectra first increase up to 0.05 A™" and then start to decrease
again [139]. This behavior could explain the presence of the band gaps mentioned above. It was also
observed in this work and will be discussed in the last section of this chapter. Furthermore, it is possible
to describe the plasmon completely by quasi-free electron theory. This finding indicates the necessity for
only small band gaps, which leads to an approximately-quasi-free excitation spectrum. Si(557)-Au even
has the best accordance with the photoemission data from Crain et al. [103], as depicted by the yellow
lines, that helped to describe the plasmon within a quasi-free electron theory [79]. Nevertheless, this
single-band approach is a more satisfying explanation for the plasmon dispersion. In Ref.[139] only half
of the electron density was used within a free-electron gas plasmon model. This value was motivated
by spin-orbit splitting in S2. In contrast, within this work a description is possible taking all electrons
into account.

Concluding these investigations on Si(557)-Au, the plasmon is described within an approach of the
overall excitation spectrum that ignores the band gaps. Unfortunately, the more hybridization with dif-
ferent states is present, the more tricky it is to obtain the correct excitation spectrum. These multi-band
structures like Si(557)-Au and Si(775)-Au also show the limits of simple modified quasi-free electron
theories, as also the definition of m* in the correlation function A(k) does not have a definite refer-
ence anymore. Unambiguous predictions about the positions of electronic states cannot be given in this

context.

7.4.4 Si(335)-Au

The insights gained in the previous sections are now used to apply this to the electronic band structure
of Si(335)-Au [134]. This is shown in Fig. 7.11.

The green curves are the band structure as calculated for a case without spin-orbit splitting. Although
LEED did not reveal a x2 streak, the system shows period doubling inside its band structure by a sym-
metry around Y’ at 0.41 A"'. The yellow curves represent the data as they have been extracted from
photoemission [103]. Additionally, the band arising from the Si honeycomb step edge is sketched by the
red line. The data up to Ep was taken for w_ obtaining an effective mass of m* = 0.3m,. The Coulomb
interaction v,(k) was computed numerically for a width of w = 3.3A and a periodicity of d = 12.6A.
The excitation spectrum w, results as plotted by the green circles.

These data finally end on states for the highest depicted band and also here the approach ignores the
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Figure 7.11: Calculated w, for Si(335)-Au: The band structure in green has been taken from Krawiec
et al. [134] and the lower boundary w_ chosen to be the electronic states up to the Fermi
energy. The green circles depict the calculated upper boundary w,. The ARPES data of
Crain et al. [103] is shown in yellow and slope of the Si honeycomb states is sketched by
the red line.

presence of a band gap that results in the presence of the step-edge bands and its hybridization with
the Au-induced states.

Taking a closer look at the Si step edge band in red, a much stronger curvature is observed compared
to the other systems. Its shape indicates that the modularization of the structure by simply putting
together all their electronic states is not as simple as suggested. The strong curvature in reciprocal
space also means that the electronic states are rather delocalized leading to an additional or widened
conducting channel. This different electronic landscape is a possible explanation for the nonconformity
with the systematics of Tab. 7.1 that result in a bigger effective wire width.

7.4.5 Conclusions from the Excitation Spectrum Calculations

The investigated systems show various systematics: All system have in common that they at least feature
a Si honeycomb edge state that was sketched by the red band. This state hybridizes with the gold bands,
either the single band for the single Au chain or the two bands arising in bonding-antibonding splitting
for the double atomic Au chain. This hybridization changes the lower boundary for the plasmonic
excitation quite drastically so that it can no longer be described by the Au bands alone.

Additionally, the systems with a Si-adatom/restatom chain add two further bands into the structure
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that also hybridize and open extra band gaps. If those gaps are small enough, the plasmon seems to
ignore them and only the overall excitation spectrum is necessary for the plasmon to establish. Simul-
taneously the lifetime of the plasmon should increase strongly in this region. Nonetheless, the widths
of the peaks in the loss spectra widen, indicating a decrease of lifetime. It is unclear why the plasmon
can exist in a band gap with a finite lifetime. Therefore, a discussion of the widths is carried out in the
next section. Furthermore, the plasmons can not only be described by an electronic character, especially
for the systems hosting an adatom chain, i.e. Si(557)-Au and Si(775)-Au, the plasmon can also behave
hole-like.

But despite all these systematics, there is still a lack of clarity about any selection rule that determines
the band responsible for the plasmon dispersion. Therefore, it remains an open question which of the
bands have to be taken into account for the upper boundary of the overall excitation spectrum. On the
other hand, w_ can always quite easily be found.

However, most of the parts of this single-band approach are still universally valid. Especially, the
calculation of v,.(k) is true for any band structure as it only takes the lateral distribution of the electrons
into account. Only beginning from Eq. 3.13, the density response function y, defines the system quasi-
free one-dimensional. Certainly, its solution is simplistic because it only needs the upper and lower
boundary of the single-particle excitation spectrum. Nevertheless, a more general choice of y, is a
possible way to improve the presented calculations.

Altogether, the presented systems explicitly show the possible influences in the form of dimensional
crossover from 2D and 3D to the one-dimensional wire system after the assembly on a surface. The
initial parabolic band structure of the Au chain is highly affected by the additional structural elements
on the terrace. Hybridizations lead to a completely new electronic band structure that features also
additional band gaps. These changes strongly feed back to the plasmonic dispersion. Intra- and inter-
wire correlations as predicted by simple plasmon theory [25] lead to an additional blue shift in energy
depending on the distance. This was explicitly shown by the HCW and LCW phase of the Si(553)-Au
surface. Further screening by the bulk was treated by the choice of permittivity e = (11.5+1)/2. Due to
a complicated electronic landscape, it is questionable if this is a sufficient approximation. Here, another
possible step is the implementation of a k-dependent dielectric function.

7.5 Further Insight — Excitation Probabilities and Lifetimes

Additionally, an investigation of the detailed information that can be obtained from the intensities and
widths of the measured plasmonic excitations is carried out. As already shown, the lateral distribution
of the electrons in the wire array influences the curvature. Furthermore, the shape of the electronic
band structure is an important factor for the overall slope of the plasmon. Nonetheless, other impor-
tant aspects of plasmons are the excitation probability as well as the lifetime. These properties are

particularly attractive for the eventual realization of future devices.
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Concerning the Si(553)-Au system in both the high and low coverage phase, Fig. 7.12 shows the peak
intensities of the plasmon losses with respect to the elastically scattered intensity for no energy losses at

k) = 0. Two assumptions are made for this value to be the direct measure of the excitation probability:

e Inelastic scattering of electron only happens once, cf. Fig. 2.2, and the inelastic intensity is with-
drawn from the elastically scattered current with I(Ak =0, AE = 0) > I(Ak # 0, AE # 0).

o Since all detectable electrons are backscattered, the elastically reflected intensity at k = 0 is a
good reference because the probability for elastic scattering at other kj is only a weak function of

angle.

The extracted plasmon intensities are below 1%o of the elastic intensity for both systems by the
red markers and decay rapidly with increasing k;; until they can no longer be distinguished from the
background noise. The excitation is around 20 % less probable for the low coverage phase, most likely
due to the lower wire density on the surface. All data are fit as depicted in red lines by an empirical
function given by

I(k) =k x [Ck +(C, — C3k)2] (7.6)

with arbitrary constants C,. This fit reflects the behavior expected for a dipole scattering process of
electrons with a two-dimensional electron gas on a surface as derived in Eq. 2.24 that, in a rough ap-
proximation, is also valid for a surface covered by a wire structure. Quasi-one-dimensional plasmon
theory predicts similar slopes in literature [72]. Although the decaying part of the intensity for low-k
cannot be resolved in the spectra, the short wavelength regime is described perfectly by this function,
giving a strong indication of multipole scattering being the main process taking place during the exci-
tation of the plasmons.

The excitation probabilities are slightly susceptible to disorder induced by the adsorption of residual
gas. As given by the purple data and curves, after 12h in a vacuum of 5 x 10~ !! mbar the excitation
probability decreases by roughly only 30 %. This stability against deterioration even under the influence
of an electron beam grants enough time to conduct the measurements.

When comparing the curves with theory [25, 72, 73], the maxima are predicted at relatively large ky,
an outright difference to the observations. Nevertheless taking the description of Eq. 2.24, the scattering
process itself also has a strong effect in the overall excitation probability. This influence is then possibly
responsible for the observed behavior. Consequently and in contrast to the theoretical prediction, one
can see that the given excitation probabilities do not simply measure the dynamical structure factor
for plasmonic excitations. However, an energy dependent analysis is needed to subtract the impact of
the scattering geometry. To this date, however, this thesis settles for the result of a lower boundary of
around 1 %o excitation probability. A similar analysis of the intensities of the other systems is skipped.

The discussion will now focus of the measured peak broadening of the plasmon peaks. Fig.7.13 (a),
(b), and (c) as well as Fig.7.14 (a) and (b) show the measured full widths at half maximum for all

systems as extracted from the fits of the spectra in Section 7.1. All data start at large initial width for
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Figure 7.12: Peak intensities of the Gaussian fits for Si(553)-Au in HCW (left) and LCW (right) phase as
extracted from the spectra of Fig. 7.1 (a) and (c): The data are given directly after prepa-
ration as well as after 12h in a vacuum of 5 x 10~ !! mbar and have been normalized to the
corresponging elastically scattered intensity I, at k = O to give an estimate of the excitation
probability. The fit curves are motivated by the scattering cross section of dipole scattering
of chapter 2.

k; = 0 which exceeds by far the instrumental resolution of around AE = 20meV. The width then
increases for higher k. In a very simple picture, this broadening denotes a decrease of the lifetime.

Starting with the Si(553)-Au systems in Fig.7.13 (a) and (b) and concentrating on the FWHMs in
the limit of k; — 0, it is obvious that these widths cannot be attributed to a lifetime, since in this limit
the plasmonic excitation energies also converge to zero, and, therefore, they will live infinitely long.
Taking these widths as lifetime would mean a highly over-damped plasmon, which is in sharp contrast
to plasmons at 125meV in comparable systems, where the mean free paths also exceed several 100 A
[160, 150].

The widths start at a slightly higher value for the HCW phase than for the LCW. As the resolution
in k is only around 0.01 A_l, this offset can be attributed to a consequential uncertainty in energy.
Consequently, due to its energetically lower slope of the dispersion relation, the starting widths of the
LCW system are lower. Starting from this socket as depicted by the dotted gray line, the plasmon width
increases by around 40 meV in the HCW and 120 meV for the LCW phase. There are various possible
reasons for this broadening. It is either related to a reduced lifetime or due to the existence of nearly
degenerate excitations, such as two plasmons, as, e.g., proposed earlier in Ref. [151]. After the findings
of the last section, the latter can be excluded as all electronic bands undergo a hybridization affecting

the properties of only one plasmon.
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Figure 7.13: Plasmon peak widths (top) and corresponding lifetimes (bottom) for Si(553)-Au in HCW
and LCW phase as well as Si(335)-Au: The linewidths in (a), (b), and (c) have been fit
with a polynomial of second order. The lifetimes 7 are estimated after the subtraction
of the dotted offset in comparison with the oscillation period T derived directly from the
dispersion relations.

Therefore, lifetime broadening alone should be a reasonable explanation for all systems. An explana-
tion can be given by collisional damping describing short range electron-electron scattering [161] with a
subsequent decrease of the lifetime for higher k. This approach is ignored in RPA. For two-dimensional
systems, these collisions lead to a linear increase in width [162, 163]. However, there is no such ap-
proach for a quasi-one-dimensional case. The best empirical description was possible by polynomials of
second order as given by the black dashed lines. Albeit the two system being of nearly the same charac-
ter, the observed increase of the broadening is stronger for the LCW phase. This can only be explained
by a less perfect ordering, cf. chapter 6, that increases the number of additional short-range Coulomb
scattering centers and, accordingly, additionally the peak width due to lifetime broadening.

From all these data, plasmon lifetimes were estimated by assuming only Lorentzian convolution,
i.e. the socket was subtracted and the resulting broadening was put into Heisenberg’s uncertainty
principle AEAt > h/2 to obtain a lower limit. These estimated 7T are plotted by the purple lines in
Fig.7.13 (d), (e), and (f) below the graphs showing the widths of the peaks. Additionally, the graphs
contain the minimum amount of time necessary for a plasmon to emerge given by one period of the
oscillation calculated via T = h/E(k;) with E taken from the dispersion relation fits.

For Si(553)-Au HCW, the estimation is above this minimum time T. The other two system start above
and cut the minimum line. If the broadening is only given by the lifetime, plasmons only exist in the

hatched regions. Therefore, the observed widths of the peaks must be caused by additional broadening
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Figure 7.14: Plasmon peak widths (top) and corresponding lifetimes (bottom) for Si(775)-Au and
Si(557)-Au: The line widths show a maximum and have been fit with an exponentially de-
cay times a polynomial of second order. The lifetime estimation is the same as in Fig. 7.13.

mechanisms. The offset in width by the spectrometer was already subtracted and can, therefore, be
ruled out. Furthermore, a phonon-induced effect is also excluded assuming the same mechanism in
all systems as the data for Si(553)-Au HCW contain measurements for both RT and LT, cf. Fig.7.3.
A similarly strong broadening was already observed in a two-dimensional system and attributed to a
damping via multiple electron-hole pair excitations induced by electron-electron scattering [162]. For
a broadening beyond lifetimes, an explanation can be given by a defect-induced charge doping to the
wires [113, 103]. With a geometric distribution of wires, also a geometric distribution of doping is
available for the wires, leading to a geometric distribution of dispersion relations. Their difference then

increases for higher k and the observed peaks will undergo an additional broadening.

A further possible influence to the widening of the plasmonic peak is the scattering geometry itself.
It originates in the scattering distance and, as the distance from the atom decreases with increasing
transfer of k, the scattering process becomes more and more localized. Accordingly, the uncertainty in

k and, thus, also in E will increase.

Another influence is the order of the system: As estimated in the last chapter, the wires are not of
infinite length. However, the definition of electronic states is highly depending on the order. The less
ordered the system gets, the more softened is the definition of an electronic states for a higher k.
This mechanism is, therefore, most likely the dominating part and explains why the broadening is that

sensitive to structural disorder.

In slight contrast is the behavior of the linewidths of the plasmons for the Si(775)-Au and Si(557)-Au
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system as depicted in Fig.7.14 (a) and (b). Their slope also starts on a socket indicated by the vertical
gray dashed line that is attributed to a broadening due to the resolution of the spectrometer depending
on the starting slope of the dispersion relation. The width first increases up to a critical k and then
decreases again. This slope is illustrated by the black dashed line. Although the scatter in the data is
relatively high, this behavior was already seen in another publication, cf. Fig. 4 of Ref.[139].

A simple lifetime broadening must also be excluded here as, similar to above, the lower limit is below
one period of the oscillation for various k, see Fig.7.14 (a) and (b).

Comparing the maximum width of the curves with the calculated bands and the corresponding upper
boundary of the electron-hole excitation spectrum derived from the plasmon dispersion in Figs. 7.9
and 7.10, the widths increase as long as there are no dispersing states and start to decrease when
the appropriate k hits a dispersing part of the electronic band structure. This connection might be a
coincidence, but in case it is real, this behavior points at another strong correlation of the single particle
excitations with the collective ones apart from the upper and lower boundary being the margins for the
dispersion itself. A possible explanation is a feedback of the energetic uncertainty in the band gaps.
For multiple bands there are also multiple single particle excitation energies defined, as also already

illustrated in Fig. 7.10 by the blue arrows.

7.6 Conclusions from the Plasmon Investigations

This chapter analyzed the plasmon peaks in the electron energy loss spectra of the various Si(hhk)-Au
systems.

After a careful fit procedure, the energetic positions of the Gaussian distributions yielded the ex-
perimental dispersion relations. However, a description by simple theory was not possible. Using a
free-electron gas model placed the plasmon inside the Landau regime. An empiric adjustment of a low-
k approximation in Eq. 7.1 was able to describe the data and resulted in a terrace width dependence at
least for the Si(553)-Au HCW and LCW, the Si(775)-Au system, and the Si(557)-Au system.

In the next part, single-band approximations of electronic band structure calculations were used to
define the upper and lower boundary of the electron-hole excitation continuum. Using this band for
the plasmon theory of Chapter 3, a fairly good description of the Si(553)-Au system is possible for long
wavelengths. Turning around these calculations and using the experimental plasmon data together
with the lower boundary of the single-particle continuum allows an experimental determination of the
unoccupied electronic states and a comparison with the calculated bands of other groups. As long
as the electronic band structure does not get too complicated, i.e. for Si(553)-Au and Si(335)-Au, this
derivation leads to a decent overlap with DFT. Eventually occurring band gaps will, however, be ignored.
For the systems with additional adatom chain, there are induced additional band gaps. In this case, the
description is unsatisfactory as there are no dispersing bands where the experimentally determined

upper boundary suggests electronic states.
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Anyhow, this results showed the strong correlation between single particle and collective excitations.
Furthermore, the differentiation between a plasmon and an electron-hole excitation is no longer possible
in the picture for high momenta k; > 0.15 10\_1, i.e. for very short wavelengths of < 40A = 21/ ky,
although both are still different kinds of excitations. Though using this fairly simple approach, the
results yield a good description of the band structure. Additionally, the finite temperature during the
measurements must be considered as all calculations are for a structure at zero temperature. Therefore,
possible transitions of insulating states to a metallic behavior for higher temperatures can annihilate the
numerically derived band gaps.

The two approaches of this chapter both allowed an explanation for the deviation from quasi-free
electron gas behavior. Though the ansatz was different, all information about the rather complex hy-
bridizations of the electronic band structure are combined in the effective wire width. As the empiric
model was only the modification of a low-k approximation, it is still only valid for this region. In con-
trast, the electron-hole continuum approach of Section 7.3 has its highest uncertainty in the region for
small k, as it is highly susceptible to the slope of the band structure around kp.

In the last part of this chapter, the shape of the plasmon peaks was investigated in more detail. The
excitation probabilities obtained from the peak heights were shown to be 1 %o of the elastic intensity at
the maximum. A discussion of the widths revealed an effect beyond lifetime broadening that depended
most likely on the defect density and the band gaps of the electronic states.
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Chemisorption-Induced Modification of the
Electronic Structure

This chapter deals with the possibility of changing the electronic character of the systems by adsorption
of oxygen and hydrogen onto the surfaces. It is motivated by the fact of spontaneous dissociation of

water molecules on the surface, forming Si-OH with the dangling bonds of the honeycomb chain [109].

8.1 Adsorption of Molecular Oxygen

Alot of dangling bonds on the surface allow for the saturation with oxygen, e.g. at the honeycomb chain
or on the eventually occurring adatom/restatom chain, cf. Fig. 5.3. Due to its higher electronegativity
compared to silicon, a strong localization of the electronic states involved in the adsorption process and,
therefore, a modification of the electronic landscape is expected.

The procedure for these measurements was as follows: First, a sample was prepared as described
in Chapter 6 with a following structural confirmation via SPA-LEED. Then, a loss spectrum was taken
with the EELS-LEED for a given k at RT. It was taken care to keep this procedure as quick as possible.
After this first step, the ion getter pump was turned off, and the chamber was flooded with an oxygen
atmosphere of &~ 2 x 10~? mbar. While keeping the chamber at this pressure, loss spectra were taken
continuously with an integration time of around 20 min per scan. After several hours, when it was no

longer possible to resolve any loss peak attributed to a plasmon, the measurement was stopped.
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Figure 8.1: Electron energy loss spectra before and after oxygen adsorption for (a) Si(553)-Au, (b)
Si(775)-Au, and (c) Si(557)-Au: A shift of the plasmon peak to higher energies is observed
for the Au reconstructed surfaces of Si(775) and Si(557), no change apart from lifetime
broadening is seen on Si(553)-Au. On all systems, Si-OH stretch modes appear marked by
the gray dashed lines demonstrating oxygen adsorption.

The resulting spectra before the adsorption as well as after a defined amount of oxygen are depicted
in Fig.8.1. For the Si(553)-Au system in (a), there is no visible change of the position of the loss
peak of the plasmon after the adsorption of 150L of O,. However, there is a drop in intensity and an
increase in width that is most likely attributed to the induced disorder on the surface by the adsorbates.
Additionally, a peak around 100 meV emerges. This peak is attributed to a Si-O stretch mode that has
approximately the same energy as the Si-OH mode [153]. Thus, this behavior is an indicator that the
system underwent an oxidation and built up -O onto the silicon. The generation of Si-OH bonds cannot
be ruled out completely as hydrogen or water are inevitably present in the residual gas of the vacuum
chamber. In any case, hydrogen is always the dominating peak in all mass spectra taken from the system.

This Si-O peak is also visible on the oxidized Si(775)-Au (b) and Si(557)-Au surface (c) indicating that
similar processes are taking place. However, only a small amount of 10L is necessary to already show
energetic shifts of the plasmon peaks to higher energies: From ~ 220meV to &~ 300meV for Si(775)-Au
and from ~ 250meV to ~ 350meV. This is to some extent surprising, as an oxidation would typically
localize an amount of electrons to the Si-O bonds reducing the electron density of the system close to
Eg. From a classical point of view, cf. Eq. 3.1, a decrease in the plasmon energy is expected. A possible
explanation is a change in the electronic band structure, as will be discussed in Sec. 8.2.

The change of the plasmon energy as a function of the oxygen dose is shown for the two reactive

systems in Fig. 8.2 (a) and (b). The increase of the energy was normalized to the energy of the plasmon
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Figure 8.2: Shift of the plasmon energy as a function of the oxygen dose for the (a) Si(775)-Au and
(b) Si(557)-Au surface: The energy change has a saturating square root dependence and
increases up to 30 % on Si(775) after a dose of 25L, resp. 70 % on Si(557) after 15L.

energy without any oxygen and, thus, values for kj = 0.05 A" and k= 0.075 A" were plotted in the
same graph. The uncertainties of each data point are the direct value obtained by the fit routine within
Fityk [164]. The increase of the energy can be described by a modified square root function given by

E/Ey=1+Cy4/1—exp(—C, x D) (8.1)

with C,, as fitting constants and D the provided dose. This behavior is expected for an electron density
dependence E o< 4/n and when the oxidation process donates a certain amount of electrons. The
exponential part takes into account a decrease of the sticking coefficient, as it is the case for a more
and more covered surface. For Si(775)-Au, the energy increases by approximately 30 % for 25 L. Visible
from the fit, its shift reaches almost saturation. The Si(557)-Au system shows an energy that is 70 %
higher than without oxygen already after the adsorption of 15L. In good approximation, the fit of these
data is a root function, i.e. C; > 1 and C, < 1/D, indicating a situation far from saturation.

Although only a rough approximation, data for both k values measured behave the same within the
limits of their uncertainties, also the general curvature of the plasmon dispersion does not change within
these limits.

Still, the question remains why only the plasmons of Si(775)-Au and Si(557)-Au change, but the
plasmon of the Si(553)-Au system keep their initial energy. The main difference between the mentioned
systems is the lack of a reactive adatom chain on the Si(553)-Au surface. As this adatom chain induces

a x2 superstructure to the system, its intensity is expected to drop after oxygen adsorption.
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Figure 8.3: LEED patterns of Si(553)-Au before (left) and after (right) adsorption of 23 L oxygen: As
line scan a sum of all k, normalized to the central spike intensity is given in transparent
white for both patterns. Apart from disorder-induced broadening, no change in the overall
intensity of the x2 streak is visible.
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Figure 8.4: LEED patterns of Si(775)-Au before (left) and after (right) adsorption of 8 L. oxygen: The
line scan in transparent white on both images is the sum of all k,, normalized to the central
intensity. After adsorption, this linescan sum shows a strong decrease of the x2. In the LEED
image itself the streak is barely visible.
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Figure 8.5: LEED patterns of Si(557)-Au before (left) and after (right) adsorption of 9L oxygen: All
k, are summed up and then normalized to the central intensity. The corresponding line
scan is shown in transparent white. The x2 intensity of the oxygen adsorbed surface almost
vanishes. In the LEED image itself the streak can also no longer be made out clearly.

Therefore, the structrual behavior was investigated. LEED images on freshly prepared samples were
taken before and after an oxidation in an atmosphere of ~ 1 x 1077 mbar and are shown in Fig. 8.3
for Si(553)-Au, in Fig. 8.4 for Si(775)-Au, and in Fig. 8.5 for the Si(557)-Au system. Additionally, an
average of all line scans across the whole pattern is placed over the false color plot to enhance the
visibility of occurring changes.

As can be seen for Si(553)-Au, the x2 streak, invoked by only the double Au chain is still existent after
the adsorption of 23 L. Nonetheless, because of the adsorption of oxygen and the subsequent disorder
on the surface, it is albeit washed out, i.e. an increased width and a decreased intensity of the central
spike. For all k, line scans have been extracted and normalized to its central spike intensity. They are
plotted as an overlay to the LEED images. Here, the effect just described is visible more clearly. In
combination with no energetic shift of the loss peak, it can be concluded that the structure as well as
the electronic states responsible for the plasmon remain unchanged.

LEED images for the Si(775)-Au and Si(557)-Au surfaces before and after oxidation with 8 L, respec-
tively 9L oxygen dose show a decrease of the overall intensity of this x2 streaks. This effect is even
better visible for the sum of all k,, in the white overlay. Where for the Si(775)-Au system still a very faint
intensity of ~ 10 % can be seen, it is barely there for the Si(557)-Au system. This is possibly attributed to
the fact, that for Si(775)-Au the x2 streaks are not only generated by the step edge, but also by Au chain
periodicities. These results give a strong indication that the reactive adatom chain is responsible for a
modification of the electronic surface structure. It has also already been shown by DFT calculations that
the adatom site is more favorable for adsorption than the honeycomb chain by 250meV [121]. Still,
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the adatom chain on Si(557)-Au is most likely more reactive than the Si(775)-Au system as both the

plasmon energy as well as the LEED intensity changes are stronger for the same amount of oxygen.

8.2 Oxygen-Induced Modifications of the Electronic Band Structure

As already pointed out above, an increase of the energy of a plasmon for a given k can be correlated
to an increase in electron density for a quasi-free-electron gas character. Therefore, one approach is to
look at the deviations from this simple model in the form of a single-band approach, as already carried
out in Chapter 7. Electronic band structure calculations for Si(557)-Au surfaces that were oxidized on
various sites are available from the Paderborn group, cf. Ref.[121]. Unfortunately, no such calculations
exist for the Si(775)-Au surface so far.

These data are shown in Fig. 8.6 (a), (b), and (c) for a region from I" over the Brillouin zone boundary
Y’ at 0.41 A" to I. The unoxidized band structure is plotted for all graphs by the green dotted lines.
The calculations are carried out with an explicit X2 superstructure in the adatom/restatom chain as
described in Chapter 5. In (a) the blue lines display the case of the oxidation of the adatoms of the
system, i.e. only the dangling bonds of the black balls in Fig. 5.3 (d). In comparison to the single-band
approach of the clean surface in dashed grey, the slope of an idealized single-band slope (in dotted
black) is decreased slightly. The Fermi wave vector changes from 0.35 A" t00.37A"" and an one-band
extrapolated effective mass at the Fermi energy changes from 0.13m, to 0.23m,.

When additionally oxidizing the restatoms, cf. bright blue balls in Fig. 5.3 (d), the electronic band
structure is described by the red lines of Fig. 8.6 (b). In this case, the slope of the single-band approx-
imation given in dotted black has the same slope as for the unoxidized state. The extrapolated Fermi
vector changes drastically to 0.410\_1 leading to a filled state with a band-gap in the band structure. The
effective mass of the idealized one-band-approximation is now 0.5m,.

A third case is given by the adsorption of oxygen at the honeycomb chain site next to the Au chain.
These data have been obtained via private communication with Simone Sanna from Paderborn and
are shown by the purple lines in Fig. 8.6 (c). In this case, the system has a lower kg of only 0.27A_1.
This means a reduction of conducting electrons compared to the other cases with an increased electron
density. A single-band approximation again has a similar slope compared to the unoxidized state, with
an effective mass of 0.37m, at the Fermi level.

These single-band-approximations of the derived numerical data have been used to calculate a single-
particle excitation spectrum with its margins w.. Together with the effective mass at the Fermi level, an
approximation of the plasmonic dispersion relation was carried out as given by Eq. 3.13 and as already
done in Chapter 7. The resulting dispersions are depicted by the colored lines for each system and by
the gray dotted line for the bare Si(557)-Au in Fig. 8.7 (a). Although the single band approximations
differ strongly in their lower boundary cw_ that is given by the part of the band below Ep in these cases,

its feedback is of minor influence. The key ingredient to the plasmon dispersion is the slope of w_ as
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Figure 8.6: Electronic band structures after oxidation of various sites on the Si(557)-Au surface: Calcu-
lations have been carried out by Simone Sanna et al. [121] for oxygen on (a) the adatom
of the adatom chain, (b) both the adatoms and the restatoms, and (c) the honeycomb chain
near the Au. The original bands are given by the green dotted lines. The single band ap-
proximations for the plasmon computations are marked by the black dotted lines. In (a) also
the single-band approximation for the bare Si(557)-Au surface is given by the gray dashed
curve.

already realized and explained in the last chapter.

Compared to the original plasmon, the dispersions after the oxidation of the adatoms and restatom or
the honeycomb chain lead to a plasmon that is only slightly increased in energy for a given k and has
its highest differences around 0.05 A™'. The blueshift is only 11 % for the oxidation of both adatoms
and restatoms as illustrated in Fig.8.7 (b). The blueshift for honeycomb chain oxidation is even of
only 6 %. A difference to the observed 80 % is too high to be attributed to uncertainties of the various
methods. Also, the oxidation of merely the adatoms leads to a redshift of the plasmonic energy of
—14% compared to the bare Au reconstructed surface within this single-band approximation. Moreovet,
this adatom oxidation is proposed to happen first. A first decrease of the plasmon energies cannot be
observed though. A possible explanation for the findings of Fig.8.2 (b) is a surface that is already
oxidized directly after preparation due to a little amount of oxygen and water available in the chamber
during the evaporation process. The difference between merely adatom oxidation and the oxidation
of both adatoms and restatoms is as high as 30% and is, then, only an underestimation of what is
happening. Due to the special care that has been taken to avoid such contaminations, this origin can
calmly be ruled out.

However, DFT calculations usually make an error in energy for states far away from the Fermi level.
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Figure 8.7: Dispersions (a) and relative energy changes (b) of the calculated plasmons after oxygen
adsorption: For the adatom and restatom or honeycomb chain oxidation, a small increase
in energy results for the plasmon. In case of only an oxidation of the adatom atoms a
decrease of the plasmon energy will result.

This result is due to the nature of DFT itself only taking into account the electron density leading to
an incorrect description of intermolecular interactions, e.g. charge transfer processes. Therefore, the
uncertainty of the calculations made in Fig. 8.6 is not necessarily the same for all depicted electronic
band structures. Moreover, the bands in the given form ca be an incorrect description of the oxidation
process. In these cases, the bands are not suited to describe the variation of the plasmon after oxygen
adsorption.

Additionally, DFT does not take into account anything related to kinetics on the surface. Although
such oxidation probabilities arise from different bonding energies, the impact site probability of every
impinging oxygen molecule is normally distributed on the whole surface. Therefore, if the encountered
position allows for oxidation, it also will take place. However, the description of electronic transport in
an oxygen atmosphere was explained by a preferred bonding location [121]. Nevertheless, there must
be a big overlap of the two analogous processes. Furthermore, other sites that allow for oxidation must
also be oxidized during the time in an oxygen atmosphere.

Therefore, calculations of an electronic band structure that has all possible sites in an oxidized form
could prove very useful. In particular, that means an oxidized adatom, restatom, and honeycomb chain.
If the systematics of an increase of the Fermi level, as depicted in Fig. 8.6 (b), remain the same for (c)

with additional adatom/restatom oxidation, a strong shift of kj is expected because of the flat band
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around Eg. Such a shift in combination with only a weak change of the upper bands can then explain
the very strong increase of the plasmon energy.

Certainly, all these considerations are just rough approximations. There are certain other knobs
that can be adjusted during an oxidation of the surface that feeds back to the plasmon dispersion
via A(k), cf. Eq.3.13. The blueshift for low k values strongly depends on the effective wire width,
cf. Sec. 7.2. Therefore, a possible confinement of the conducting channel induced by the oxidation of
the adatom/restatom chain will influence the energy of the plasmon. The use of the empirical ap-
proach of Sec. 7.2, e.g., results in an effective width of 58 % of the original conduction channel for the
Si(557)-Au+0, surface (76 % for Si(775)-Au+0,).

Additionally, by the saturation of bonds on the surface the dielectric function in the vicinity of the
wires changes such that an approximation with € = (11.5 + 1)/2 is not necessarily a good approach
anymore.

Anyway, the agreement with simulations is unsatisfying up to now. Albeit a rough systematic un-
derstanding of the influences on the electronic band structure to the plasmon dispersion, the present
theoretical data cannot describe the strong changes in plasmon energy observed in the experiment and,
therefore, need further refinement. The discussion revealed possible critical steps that must be clarified
before a clear explanation can be given. However, as the bands can describe the transport properties
seen in another experiment [121], they must already represent a good starting point for further theo-
retical investigations.

Experimentally, the determination of a complete plasmonic dispersion for a given amount of oxygen
can help to identify its influence to a high degree. Additionally, a numerical DFT analysis for the Si(775)-
Au would be highly useful to see the similarities during oxidation. Their electronic band structures can

then help understanding the systematics in those two related systems.

8.3 Adsorption of Atomic Hydrogen on Si(553)-Au

Apart from oxidizing the surface, also a hydrogenation of the Si(553)-Au system was carried out. Instead
of only keeping the sample in H, atmosphere, a self-build hydrogen cracker was used to increase the
reactivity with the surface by the use of atomic hydrogen. See also Chapter 4 for a description of that
hydrogen cracker.

The procedure was similar to the oxygen adsorption: After the preparation of the sample and its
structural determination in LEED, an electron energy loss spectrum was acquired for a finite k. The
sample was then turned to face the hydrogen cracker. After turning off the ion-getter pump, hydrogen
was let into the chamber via a small capillary with its outlet directly at the filament of the cracker,
see Fig.4.5. While holding the chamber at 2 x 10~® mbar, the pumping speed and accordingly the
throughput of hydrogen was determined to around ~ 1 x 10~° mbar/s. This hydrogenation was carried
out at RT.
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Figure 8.8: Electron energy loss spectrum at k = 0.05 A~ before and after adsorption of atomic deu-
terium as well as desorption (a) and relative change of the plasmon peak (b): In (a) a strong
shift of the plasmon energy to lower energy can be observed after oxygen adsorption. This
shift is reversible after heating to 350°C. After this process, a Si-OH stretch mode can be
seen in the spectrum depicted by the gray dashed line. The behavior of hydrogen and deu-
terium doping for various k values over time is depicted in (b). After 10 min the plasmon
peak could no longer be resolved in the spectrum.

A rough approximation of the flow of atomic hydrogen is possible as follows: Estimating the volume
of the chamber with 501 and the dissociation efficiency of the simple hydrogen cracker with 5% [94],

2

a flow of around 1 x 10*! em™2s™! of atomic hydrogen will hit the sample with its area of 0.75 cm?.

The filament was turned on for a defined amount of time. After this adsorption process the hydrogen
flow was stopped and the ion getter pump turned back on. The sample was rotated to face the EELS
for a new loss spectrum. To rule out effects of residual gasses, e.g. hydrogen, the measurements were
additionally carried out with deuterium. The same procedure was also performed without a hydrogen
flow leading to no results. Therefore, filament-induced effects can safely be ruled out.

The resulting spectra before and after 7min of adsorption time are depicted in Fig. 8.8 (a). A shift
of the plasmon peaks to a lower energy is directly visible. From a classical point of view, this result is
to some extent surprising as the saturation of the dangling bonds leads to an increase of the electron
density at kr. A description will be given below that is again attributed to the electronic band structure.
Beside this energy shift, an emerging peak around 100 meV is found that is again attributed to a Si-OH

stretch mode [153]. The appearance of this mode indicates a simultaneously happening oxidation by
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Figure 8.9: LEED patterns of Si(553)-Au before (left) and after adsorption (right) of deuterium: All k,,

are summed up and then normalized to the central intensity. The x2 intensity of the oxygen
adsorbed surface does not change.
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Figure 8.10: Theoretical prediction of the changes in the electronic band structure after hydrogena-
tion of a Si(553)-Au surface. (a) Electronic band structure after preparation. (b) After
hydrogenation the whole band structure is shifted downwards in energy. The image was
provided by Conor Hogan [157].
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residual oxygen in the vacuum as observed in Fig. 8.1 (a). However, the formation of Si-OH is without
an effect to the plasmonic excitation according to the findings of section 8.1. Additionally, a spectrum
after a short heat-up of the sample to 350 °C is plotted in this figure that leads to the primary plasmon
excitation as for the as-prepared surface. It has the minor difference of a slightly higher width due
to increased disorder. Nevertheless, this procedure shows the possibility of cleaning or refreshing a
sample. Preparing the samples at 500 °C is, therefore, a temperature high enough to lead to a hydrogen-
adsorbates-free surface.

Fig. 8.8 (b) shows the time dependence of the exposure shift of the plasmon energy for k = 0.05 A
and k = 0.075 A~ as a function of both hydrogen and deuterium adsorption. For both momenta and
adsorbates, the shift is the same within the uncertainty of the experiment and it decreases to 40 % below
the plasmon energy for the clean surface after 10 min.

LEED images before and after the adsorption of atomic hydrogen on the surface are shown in Fig. 8.9.
Within the resolution of LEED, there is no change visible. Summing up all k,, of the pattern, the resulting
curves that are given in white as an overlay show no differences in the overall intensity of all peaks.
Various additional spots on the pattern for both surfaces are due to refacetted areas. This is a typical
result of a sample that has been used frequently.

An explanation of the plasmon shift is possible by an electronic band structure discussion: During
the adsorption of hydrogen on the dangling bonds of the step edge, the Fermi level of the system shifts
upward in energy [157], see also Fig.8.10. Therefore, the curvature observed in Fig.7.7 is reached
earlier. These changes in w, then lead to an overall decrease for the plasmon itself although the system’s
electron density increases. An increase in energy is expected after a certain amount of hydrogen, as here
the system to swaps w, and w_. This region could not be resolved.

For the case of 10 min adsorption time, a Fermi level shift of around 300 meV is necessary to modify
the plasmon in the picture developed. Assuming a nearly linear dependence of this shift on the amount
of hydrogen adsorbed on the step edges in the data provided by Hogan et al. [157] in Fig. 8.10, a step
edge saturation of around 8 = 50% can be approximated. This value is compatible with the atomic

hydrogen flow estimated above and a step edge density of 1 x 10 cm™?.

Those values result in a
coverage of the step edge of 60 %.
These findings show the simple picture elaborated in Chapter 7 to hold true even for a changing Fermi

level and, thus, qualitatively describe the observed behavior.

8.4 Conclusion from the Adsorption Experiments

This chapter showed the possibility of tuning the plasmon energy by chemisorption on the surface with
both oxygen and hydrogen. After several Langmuir of oxygen adsorption, only the systems hosting
a restatom/adatom chain showed a perceivable change in the plasmon energies. This was attributed

to the high reactivity of this structural element. When bringing in the electronic band structure, the
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system ends up in a drastic change of the electronic states. This is in stark contrast to simply changing
the filling factor of the band structure. Therefore, although reducing the electron density, the plasmon
dispersion relation increases in energy. The available numerically derived electronic band structure was
not able to reproduce this behavior, though. This result suggests a calculation of bands for a surface
with simultaneously oxidized adatom, restatom, and honeycomb chain.

Hydrogen adsorption, in contrast, resulted in an energetic decrease of the plasmon dispersion though
an increase in the electronic density around kg is expected. Numerical calculations of Hogan et al. [157]
show the bands shifting downwards in energy. As there is a back bending in the bands, the slope feeds
back to the plasmon reducing its energy.

The results of this chapter also show the vigorous influence of gasses that are also present inside
the residual gas of most of the UHV vacuum chambers. Therefore, special care must be taken during
measurements to obtain results from a pure Si(hhk)-Au surface.

Furthermore, the findings demonstrate the big differences in the presented adsorption processes: The
description of hydrogen adsorption results in a rather simple picture. The Fermi level of the pure system
is shifted up, leaving the band structure almost untouched. As the adsorption is only acting locally, this
behavior illustrates a kind of proximity effect that makes it still comparable to a doping process. In
contrast, the oxidation of a Si(hhk)-Au surface with adatom/restatom chain leads to electronic bands
that are strongly disturbed, cf. oxidation of Si(557)-Au in Fig. 8.6. Therefore, here the original doping

picture is no longer valid.
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Introduction to Ge(100)-Au

In the last part, the nanowires were grown on a vicinal silicon substrate. Their inclination was the
boundary condition for the induced structure after Au adsorption. This part will show a different ap-
proach of forming a quantum wire system: the intrinsic surface structure of the Ge(100) surface will
guide the growth. Therefore, this chapter will first cover the basic structural properties of the bare
Ge(100) surface. Afterward, a summary of its Au covered reconstructions will be given together with
the current knowledge about the electronic properties.

9.1 The Pristine Ge(100) Surface

Germanium is very similar to silicon. They share the same crystal structure, with the lattice constant
for Germanium' being a slightly bigger with ag, = 5.658 A. The germanium bulk has a direct band gap
of 0.8eV and an indirect one of 0.66eV. The melting point, however, is at 937 °C, significantly lower
than for silicon (1410°C) [165].

Also, the surface properties are similar when cleaving a crystal along a defined lattice plane. When
cutting along the [ 100] direction, the system results in a square lattice with a surface lattice constant of
dge/ V2 =4.001A. It is tilted 45° to the bulk lattice, and in one direction an additional atom is sitting
1/4ag. above with two dangling bonds that are aligned upward to the left and right as illustrated by
the gray balloons in Fig. 9.1 (a). As this unreconstructed surface is energetically unfavorable, a (2 x 1)

from Ioffe Institute: http://www.ioffe.ru/SVA/NSM/Semicond/Ge/
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Figure 9.1: Surface reconstructions of the bare Ge(100) surface: (a) Unreconstructed surface with dan-
gling bonds indicated by the gray balloons. (b) Dimerization to a p(2 x 1) reconstruction
to reduce dangling bonds. Further reduction of the surface free energy by the formation of
a buckled dimer is possible by arrangement into (c) c(4 x 2) reconstruction with alternat-
ing buckling perpendicular to the dimer rows or (d) p(4 x 2) reconstruction with oriented
buckling. Image from Ref. [165].

reconstruction model was proposed where the number of dangling bonds is reduced [166] as depicted
in (b). This (2 x 1) is confirmed by LEED. The dimers will buckle spontaneously to reduce the surface
energy even further by the opening of a gap between occupied and unoccupied states [167], cf. Fig. 9.2.
In this buckled case, a charge of 0.1e is transferred from the lower to the upper atom of the dimer
[165]. These buckled dimers align in a c(4 x 2), alternating as depicted by Fig.9.1 (c). The other
possible p(2 x 2) superstructure has a similar surface free energy. It is, however, less favorable when
thinking in a simple model of dipole-dipole interactions [165].

This discussed superstructure will now form dimer rows on a given substrate. However, as a sample
is never completely flat, there will always be a distribution of two domains on the surface that are tilted
by 90° and separated by steps of single atomic height = 1/4a,.

Nevertheless, these calculations are carried out at zero temperature. The system will, therefore,

124



9.2. STRUCTURE UPON ADSORPTION OF AU

Figure 9.2: Side view of a buckled dimer: The buckling leads to a charge transfer from the lower atom
to the upper atom increasing the gap between occupied and unoccupied states. Image from
Ref.[165].

only exhibit the c(4 x 2) reconstruction for low temperatures and undergo a phase transition between
100K and 250K [168, 169, 170]. The room temperature phase consists of an admixture of p(2 x 1)
and c(4 x 2) domains [171] that will align parallel in stripes on the surface [40]. The composition of
this phase is due to anisotropy in the tensile stress component along the dimer bonds [172]. By the
formation of an ordered domain pattern, the surface free energy is lowered although the generation of
domain walls is energetically unfavorable. The p(2 x 1) part of such patches is then generated due to a
fast thermal switching between both possible buckling orientations. Accordingly, the system will exhibit
a large population of (2 x 1) at elevated temperatures and above 2 320K the surface fully converts into
these domains [40].

However, already small amounts of defects in the form of strongly bonding C-atoms have an influence
on this ordered domain pattern as the surface stress is then reduced here, and the formation of the
c(4 x 2) reconstruction is inhibited [168]. On the contrary, another kind of defect in the form of a
missing dimer can lead to step pinning that is known to stabilize a reconstruction [173]. These effects

can also influence and hinder the growth of metal-induced superstructures on top of the substrate.

9.2 Structure upon Adsorption of Au

First investigations with ML adsorption of gold on a Ge(100) surface were carried out in 1988 by Benson
et al. [174]. However, they did not find a reconstruction, most likely due to an imperfect surface
preparation. Later experiments of Wang et al. [175] showed the growth of a nanowire structure similar
to the ones induced by Pt [176]. Deeper STM investigations revealed that the primary part, i.e. ~ 0.1 ML
of the adsorbed gold moves beneath the surface, resulting in islands with stabilized germanium dimer
rows [177]. With increased adsorption, the Au-induced wire phase grows on the surface in islands.
An excellent ATM overview picture of the surface has been published by Mocking et al. [178], and is
displayed in Fig. 9.3: The figure shows an STM image of 100nm x 100nm. A flat surface will have an
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Figure 9.3: Overview STM image of the Ge(100)-Au surface: Wires will form on two evenly distributed
domains. Arrows denote double wires, ellipses mark phase defects. The image has been
taken from Ref.[178]. The sample bias is —1.5V, the tunnel current is 0.5nA.

equal distribution of wire domains that are perpendicular to each other. Their crystallographic directions
are [110] and [110] and the direction changes with each monoatomic step. The wire spacing of 16 A
is four times the surface lattice constant. In between, there are trenches whose depth cannot be clearly
measured with STM. Schéfer et al. [179] propose a profile that matches best to a single atom with a
height of around 1A, whereas Van Houselt et al. [180] see a depth of 6 A, approximately four atomic
layers of the Ge(100) substrate. This difference is possibly related to various tip shapes, e.g. blunt and
sharp, and its real value might be even higher.

Additionally, Fig. 9.3 shows typical defects on the surface: the formation of a double wire as marked
by the arrows, phase defects surrounded by the ellipses, and vacancies seen as dark interruptions of the
wire structure. Further details can be found in the Ph.D. thesis of Tijs Mocking [181].

A schematic of the detailed alignment of these wires is given in Fig. 9.4 taken from Blumenstein et
al. [182]. It shows the protruding wires with a ¢(8 x 2) reconstruction aligned in an additional zig-zag
p(4 x 1) superstructure that might be either upward or downward depending on a stacking fault. This
rather complicated superstructure explains the LEED pattern observed in Fig. 10.7 of Chapter 10. Note
that the zig-zags are only visible in the occupied states. This additional superstructure leads to another
kind of defect: Because of a break in the periodic extent of the VW-structure, flipflop dimers can occur
that will change their orientation as observed during an STM scan [178]. Furthermore, the p(4 x 1)

undergoes a second order phase transition around 300°C .

Due to its growth behavior and the fact that the c(8 x 2) reconstruction is already visible in LEED for
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Figure 9.4: Internal structure of the induced wires: (a) Occupied states of the wires show a zig-zag-VW
superstructure (U = —0.8V). (b) Unoccupied states only show an intensity triplet (U =
1.6V, I = 0.4nA). The wire reconstructions are aligned to each other in an additional
p(4 x 1) superstructure. (c) Schematic of the wire alignment. The data have been taken
from Ref. [182] and are all at 4.7K.

coverages as low as 0.3 ML, a considerable mass transport on the surface must be assumed [183]. After
covering the sample to saturation, three-dimensional clusters will form [177, 180, 184].

However, the amounts of gold necessary for the saturation of this structure differ between the various
publications available: Wang et al. [175] report a saturation of 1.5 ML, Schéfer et al. [179, 185] give
a value between 0.5ML and 1.0 ML, Van Houselt et al. [180] only evaporated a coverage of 0.2 to
0.3 ML, and Gallagher et al. [183] talk about a saturation coverage of 0.75ML. Although giving their
temperature during deposition, only Wang et al. [175] talk about their deposition rates. As gold is
soluble in germanium up to a ratio of 2 x 10~ [186] corresponding to around 100 ML on a sample
of 1mm thickness, diffusion of the gold into the bulk over time and moderated by the preparation
temperature cannot be ruled out. Additionally, the calibration of an evaporator is delicate and can lead
to false information, cf. Chapter 4. Nevertheless, a good approximation from all these data is a coverage
of 0.8(4) ML necessary for the preparation of the structure.

This uncertainty in gold amount gave an ample scope for structural models, a selection is illustrated in
Fig.9.5: (a) shows the Heterodimer/Au-Homodimer (HD/AD) model from an SXRD analysis of Meyer
et al. [187] in side and top view. It corresponds to 0.75ML On top of the top view is an overlay of
the expected STM image in the occupied states. The model was originally derived from first principle
calculations carried out by Sauer et al. [188]. The model is the result of the optimization of a Patterson
map. However, it cannot describe the deep trenches between the wires observed in STM. The model in
(b) shows the giant missing row reconstruction (GMR) with 1 ML Au coverage, proposed by Van Houselt
et al. [180] motivated by a comparison with the Ge(111)-Au system. The sides of a wire correspond in
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Figure 9.5: Selection of proposed structural models: (a) The Au-Heterodimer/Ge-Homodimer model
(AD/HD) with 0.75 ML coverage was able to describe SXRD data in Ref. [187]. (b) The giant
missing row model was proposed by Van Houselt et al. [180] to explain a groove between
the wires. (c) The Au-trimer stabilized Ge ridge (ATSGR) is an energetically improved model
of the GMR. The structural models of (b) and (c) are taken from Ref. [188].

this case to stabilized (111) facets. It can describe the deep grooves. However, DFT calculations [188]
showed this system to be energetically unfavorable. Nevertheless, it is possible to modify this structure
to improve the surface free energy. One of these results is the Au-trimer stabilized Ge ridge (ATSGR)
model, depicted in (c), corresponding to 0.75 ML. Such structural optimizations have been carried out by
Shiow-Fon Tsay [ 189] that suggest the (111) facets to be the precursor of a (+/3 x +/3)-Au reconstruction.
Further models have been theoretically investigated also for a replacement of the Ge dimers by Au atoms
[190]. Unfortunately, their investigations do not result in a c(8 x 2) reconstruction. A detailed study
of Vanpoucke et al. [191] tries to explicitly match STM images to those patterns generated by various
models. Beside, newer theoretical investigations also started to increase the Au coverage to even 1.25
and 1.75ML [192], helping to stabilize a structure with deep trenches.
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Figure 9.6: Electronic band structure of Ge(100)-Au: (a) Photoemission in wire direction shows two
electron pockets located at the Brillouin zone boundary, taken from Ref.[193]. (b) shows
the Fermi surface indicating a two-dimensional behavior with an overlay of a tight-binding
fit, taken from Ref.[194]. (c) The two dimensional tight-binding fit for the ARPES data from
Ref.[194].

9.3 Electronic Properties of Ge(100)-Au

As long as the theoretical models are only roughly approximating the complex structure of the Ge(100)-
Au reconstruction, also their electronic properties are only a very uncertain description of the real world.
Among others, such data are available in Refs.[188, 190].

Experimentally, angle-resolved photoemission reveals the existence of electron pockets at the Brillouin
zone border along the wire direction [195, 193], as depicted in Fig. 9.6 (a). In a parabolic approximation
it has an effective mass of ~ 0.13m, and a Fermi vector of k; = 0.058 A" The zone boundary is depicted
by the dashed blue line. To the side, an energy distribution curve (EDC) is plotted taken from a line
scan at the zone boundary. Interestingly, these pockets strongly resemble the electronic structure of the
Ge(111)-(v/3 x +/3)-Au surface [195], indicating a relation of the sidewalls being a precursor to the
v/3 x +/3-Au reconstruction mentioned above.

Due to a power-law behavior in the STS measurements taken on the wires for very low energies
[196, 197] not seen in earlier measurements [198], this system was dealt with as a possible candidate
for a Tomonaga-Luttinger liquid on a surface. An appropriate Luttinger density coefficient was extracted
to K, = 0.26, similar to other values from bulk TLLs [199]. However, there were some disproofs to
this suggestions. Park et al. [200] showed that the power-law behavior only holds true for very low

energies and De Jong et al. [194] showed the electronic band structure to even be of an anisotropic
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two-dimensional character, see Fig. 9.6 (b). Here, a cut through the Fermi surface is shown with an
overlay of a tight-binding fit. In their investigations they find a dispersing state also perpendicular
to the wires. With this perpendicular dispersion, a shape of the overall electronic structure similar to
that of a cowboy hat results. A surface plot of this shape up to —134meV is given in Fig. 9.6 (c). As the
dispersion perpendicular to the wires has a very high effective mass, it is barely visible in photoemission.

In conclusion, the system is most likely an anisotropic two-dimensional metal with a coincidental

power-law behavior in the density of states around the Fermi level.
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10

Structural Investigation of Ge(100)-Au

This paragraph describes the preparation of Ge(100) surfaces, including a detailed discussion about
the influences of Ar*-sputtering to the sample properties. The determination of the surface quality is
done by a LEED spot profile analysis as derived in section 2.2. Flat substrates with small roughness
are obtained. In the second section, the same method will be expanded to approximate the growth
properties of the Au-induced quantum wire structure.

Parts of this chapter were elaborated in the Master’s Thesis of Heiko Teiken [148] and are already
published in Ref. [201].

10.1 Pristine Ge(100)

Before the adsorption of gold and the growth of the quantum wire phase, it is important to know the
quality of the bare Ge(100) surface. The available samples were Sb n-doped, Czochralski-grown 2in
wafers with a resistance of around 10 Q cm. They were cut to rectangular samples of 15mm X 5mm
size with an in-house diamond saw.

In contrast to SiO,, GeO, is water soluble and forms a poor interface with Ge [202], i.e. a cracked
and easy removable oxide layer. Respectively, it is not a good protection against contaminants that
will accumulate in the first top layers of the germanium bulk. Therefore, the preparation of a clean
surface requires a careful execution of the subsequent steps that are inspired by the variety of recipes
in literature, e.g. Refs.[203, 204, 205]:

131



CHAPTER 10. STRUCTURAL INVESTIGATION OF GE(100)-AU

1. The wafers are cleaned primarily in an ultrasonic bath of Petroleum-benzene, acetone, and iso-

propanol to remove residuals of water and grease originating from the previous cutting processes.

2. The sample is dipped in piranha etch for 5s. In this case, it is a solution of 7 parts 95 % sulfuric acid
(H,S0,4), 2 parts 30 % hydrogen peroxide (H,0,), and 1 part purified and deionized water. This
mixture is a strong oxidizing agent. Thus, it removes most of the organic material. Furthermore,
due to containing hydrogen peroxide, it will also hydroxylate the germanium surface, making it

highly hydrophilic.

3. Directly after the dip, the surface is rinsed with purified water for one minute. As the hydroxylated
surface will now dissolve in water [203], several top layers are ablated to flatten the surface and

free it from contaminations. Afterward, residual water will be removed by dry blowing with N,.

4. To protect the substrate from degradation, a new thin oxide layer is grown by placing the wafer
on a hot plate of 380 °C for approximately 5 min.

5. After the transfer into UHV, the samples first degas at 380 °C, a temperature below the desorption
of the protective GeO, [206, 144].

6. Having reached a pressure < 1 x 10719 mbar, the sample is heated to 500 °C for the removal of
the oxide layer to obtain a pure Ge(100) surface for investigations. Keeping the pressure below
5 x 1078 mbar, the sample is flash-annealed to 850 °C. This temperature comes close to the melt-
ing point at 938 °C and, thus, induces atomic mobility on the surface, helping to flatten the surface

slightly, i.e. to improve the surface quality.

7. To get an even smoother surface, typically a sequence of several cycles of Ar* sputtering followed

by flash-annealing to 850 °C for ~ 55 is performed.

To investigate the effects of the last step, i.e. the improvement of the surface quality, a systematic
investigation of this sputtering/annealing is carried out concerning the number of cycles and ion accel-

eration energy by a qualitative energy-dependent analysis of the diffraction spot profiles.

10.1.1 LEED of the Bare Surface

First of all, a glance will be taken at the LEED images and its meanings before the upcoming section
takes a look into a quantitative investigation.

Fig. 10.1 shows two LEED patterns taken after the first flash annealing and after four cycles of the
sputter/annealing treatment (electron energy at 169¢eV, phase S = k;d/m = 3, d = 1.415A, T =
300K). The dimerization of Ge atoms can be seen by the presence of a (2 x 1) reconstruction. A detailed
description can be found in Chapter 9 as well as in Ref.[165]. The essence is that its uniaxial stress
favors the formation of two domains separated by monoatomic steps of height d = 5.66A/4 = 1.42A.
This behavior is similar to the Si(100) surface [167, 207].
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(a) After first flash-annealing (b) After 4 sputtering/annealing cycles
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Figure 10.1: LEED patterns of a Ge(100) surface before (a) and after (b) four times Ar* sputtering with
800V ion acceleration voltage and annealing: The treatment results in sharper (2 x 1)
superstructure spots with higher intensity. Additionally, faint (4 x 2) spots are visible. Both
images share the same scaling and false colors and are taken at RT.

When directly comparing the two LEED patterns, one can instantly see an improvement in the sharp-
ness of the (2 x 1) superstructure spots: Their widths are smaller, while their intensity has increased.
This profile change is already an indication of an improved surface quality. Additionally, a (4 x 2) recon-
struction emerged originating from buckled dimers. Well-known from the literature [171], defects like
vacancies and impurities and the ensuing reduction of the surface energy can cause this reconstruction.
Here, it is but an indication for nearly defect-free samples with large terraces as will be shown below
by Fig. 10.4. In this case, the (4 x 2) superstructure is the result of the anisotropy of the surface stress
tensor [171, 40]. Therefore, the LEED image shows high ordering within the buckled dimer rows.

For a more quantitative information about the surface quality, a line scan across the (00)-spot was
taken for various electron energies E, [86]. This energy-dependent plot is shown in Fig. 10.2 for the
left LEED pattern (a) in Fig. 10.1. Here, one can already see some basic information about the surface.
Around the in-phase (integer of S) conditions a higher intensity is observed than for the out-of-phase
(integer £1/2 of S). This result matches the expectations for a surface with its step height d. Additional
modulation of intensity and width cannot directly be attributed to surface properties as they originate
from the more complex topography of the surface. For a deeper understanding, the (00)-spot of every
line scan was fit with a Voigt function. This distribution consists of a convolution of a Gaussian part

containing the vertical information of the surface and a Lorentzian part that is defined by the lateral
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Figure 10.2: False color energy dependent scan across the (00) spot in [011] direction of a pure Ge(100)
sample after one sputtering/annealing cycle: the modulation of the width and the intensity
gives insight to the roughness of the surface.

characteristics, e.g. the terrace sizes.

10.1.2 Quantitative Spot Profile Analysis

The following section presents the results of a quantitative treatment of the spot profiles: Measurement
series were carried out for multiple cycles of sputtering at 800V, respectively 500V ion acceleration
voltage with each time subsequent rapid annealing to 850°C. The sputtering was handled with the
chamber in an Ar atmosphere of 3 x 10~> mbar and an ion current on the sample of 0.5 A cm™2. During
the sputtering process, the samples remained at room temperature.

The energy plots gave access to line scans for all available phases and sputtering/annealing cy-
cles. They were fit with a Voigt function and afterward deconvolved into a Gaussian function with
a Lorentzian shoulder.

As an example, line scans for an in- and out-of-phase condition, in particular for phases 2 and 2.5,
are shown in Fig. 10.3 after two and eight sputtering/annealing cycles with the corresponding fit and
convolutional parts. From the change in width difference after eight cycles, it is directly apparent that
the average terrace size has increased by at least a factor of 2. As the Voigt fits were carried out in a
batch script with all parameters free, also the Gaussian parts varied slightly. These variations are directly
visible, e.g., in Fig. 10.3 (c) and (d).

As obtained from the Voigt fits, Fig. 10.4 plots the evolution of the Lorentzian widths for two series
with 800V and 500V sputtering voltages. The decrease of the modulation amplitude of the widths with
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Figure 10.3: Voigt fit functions (black dashes) of the data (open circles) taken from the energy plots for
in- and out-of-phase conditions after 2, respectively 8 cycles of the sputtering/annealing
treatment at 800V (cf. Fig. 10.2): Deconvolved Lorentzian and Gaussian parts of the Voigt
fit are given in red and purple and have been scaled to 75 % for better visibility. Less
intensity difference is observed in the lower graphs for the surface with more frequent
treatment. Furthermore, the Lorentzian width difference is smaller, whereas neither a
difference nor a change in the Gaussian widths can directly be seen.

increasing number of cycles is visible distinctly. The dashed lines are fits to the data with the following

function:
do

(T)

This equation was elaborated in section 2.2.1. Here, a, = 4.002A is the surface lattice constant of

H(S)=

X (1 —cos(27S)) + Py(S). (10.1)

Ge(100), (T') is the resulting mean terrace size and the free fit parameter. An instrumental broadening,
a slight surface miscut, as well as suboptimal lens settings were considered by a second order polynomial
offset P,(S).

Fig. 10.6 (a) shows the resulting mean terrace width as a function of sputtering/annealing cycles. It
increases continuously and can become up to 600 A. For each of the measurement series, a new sample

from the same wafer was used. Therefore, the results can directly be compared. Nevertheless, the
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Figure 10.4: H(S) curves of pristine Ge(100) samples after definite cycles of sputtering at 800V (left),
resp. 500V (right) ion acceleration voltage and subsequent flash-annealing to 850 °C: For
an increasing number of cycles the amplitude of the oscillation decreases, a sign for the
growth of the terrace size. The data have been shifted for the sake of visibility.
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Figure 10.5: G(S) curves of pristine Ge(100) samples after their sputtering and annealing cycles with
800V (left), resp. 500V (right) ion acceleration voltage: After several cycles a decrease of
the width of the integer phase peaks can clearly be seen for the 800V data and denotes a
decrease in surface roughness. The curves have been shifted for visibility reasons.
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(a) Evolution of terrace width

(b) Evolution of RMS roughness
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Figure 10.6: Influence of sputtering/annealing to the terrace width (a) and RMS roughness (b) for
distinct sputtering voltages: (a) Sputtering at 800V results in larger terraces of around
600A (green circles and squares) in comparison to 500V (blue diamonds). (b) 800V
sputtering is also more effective in the reduction of the surface roughness.

quality of the samples depends strongly on the sputtering parameters: Big terraces were obtained when
sputtering at 800V (green data). Two measurement series (squares and circles) show the same trend,
albeit one of the samples started at a higher initial value. Using merely 500V (blue) for the acceleration
of the Ar™ ions, the average value increases only slowly and appears to saturate at a much lower value
than for the higher voltage.

Although this ion-energy dependence was not carried out systematically for various voltages, a pos-
sible explanation is that a threshold energy is necessary to remove contamination from the surface or
even the first subsurface layers. These defects otherwise may lead to step pinning during the annealing
process.

The peak intensity normalized to the integrated intensity, i.e. the area of the Voigt profile, is plotted in
Fig. 10.5 giving the G(S) curves. The in-phase intensity decreases slightly for increasing phase S. This
damping is most likely caused by the variation of the layer distance on the surface due to relaxation
effects [208, 209].

The in-phase peaks widen with increasing treatment step for a sputtering voltage of 800V while

the area under the curves remains the same. For 500V there is no effect directly visible. Following
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Wollschlédger’s approximation [62, 63] around an in-phase condition S
G(S) ~ exp[—AZ,(2155)?] (10.2)

the variation of the central spike as a function of the variance 6S may be described by a Gaussian
distribution if also the levels are distributed normally, also named geometrically.

However, in the present case, the given data were fit best by multiple Lorentzian peaks. This behavior
has its roots most likely in an almost-normal distribution with strong outliers. Then a Gaussian shape
will shift to a Lorentzian one. From their full widths at half maximum the RMS-roughness Agyg was

determined corresponding to Eq. 10.2 as:

vin2 1
Apps = 2~ (10.3)
n FWHM

The resulting data are plotted in Fig.10.6(b). For a sputtering with 800V ions extremely smooth
Ge(100) surfaces with a value below 1A are obtained. When using 500V acceleration voltage, the
roughness first increases to around 1.7 A but then decreases after approximately five treatment cycles.
Assuming a lower sputter yield for a lower impact energy supports the hypothesis mentioned above that
step pinning at surface and subsurface defects also leads to a higher roughness. After the removal of
these defect-prone layers, the surface may also evolve into a very smooth surface. This route but was
not further investigated. To sum up, sputtering at 800V results far more efficient as it could also be
directly reproduced by another series, cf. squares in Fig. 10.6.

10.2 Au-Induced Wires on Ge(100)

The same analysis was now extended to the Au-covered surface. The adsorption took place with the
sample at room temperature with a deposition rate of approximately 0.15ML/min. Thereafter, the
sample was annealed at 500 °C for nearly 10s. The coverage was increased systematically conducting
the same deposition successively. After each desorption, an analysis of the spot profiles was carried out
with an evaluation similar to the pristine germanium surface. Before new adsorption, the surface was
sputtered according to the recipe given in the previous section. This cleaning ensures a germanium
surface free of remaining gold coverage. Then, an evaluation similar to the pristine germanium surface

was carried out.

10.2.1 LEED of the Au-Covered Surface

Once more, to begin with, depicted in Fig. 10.7 (a) is a LEED pattern that results after the adsorption
of 1.25ML of Au. A new superstructure can be seen that is identified as a c(8 x 2) reconstruction,

exemplarily indicated by a red diamond. There is also an additional p(4 x 1) superstructure (yellow
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(a) LEED after 1.25ML Au (b) Intensity of %-spot
1 2 [ LI L B IR L B B | LA B B B B ]
g ]. i :::' - e _:| =
= T B .
2 [ & ]
@ 0.8 fai 1 .
S [ i ]
80.61 ';' % -
- )_| .
7]
3 | r _
E 0.4 HA —
= L i
£ | 52 ]
S .l A 1
Zz 0.2~ ; _
¥ |
0 sl "I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
-100 =50 0 50 100 0 0.5 1 1.5 2
kx (% SBZ) Au coverage (ML)

Figure 10.7: LEED pattern of the Au reconstructed Ge(100) surface and the evolution of the Au induced
reconstruction as a function of Au coverage: (a) LEED shows a new ¢(8 x 2) reconstruc-
tion marked with a red diamond and an additional superstructure marked with a yellow
rhomboid, both related to the induced wire structure on the surface. (b) Evolution of
the 1/4-spot marked with a green arrow in the LEED for various coverages normalized to
the mean value of the data points > 1.25ML: The blue fit is a dose-response relationship
showing a saturation at around 1 ML after triangulation as shown by the dotted lines.

rhomboids) on top of this basic ¢(8 x 2): This reconstruction can either be "up’ or ’down’ depending
on the arrangement of the supercells, cf. Chapter 9 and Refs.[197, 182]. These superorder reflexes
are attributed to a long-range interaction between adjacent wires. Consequently, the appearance of
long-range order in combination with the very sharp structural spots already gives an indication of an

extremely well-ordered sample.

This part also tries to clarify the controversially discussed coverage of the Ge(100)-Au wires rang-
ing from 0.25ML to 1.5ML, cf. the various models given in Chapter9. Thus, a first hint is given by
the analysis of the integral intensities of the Au-induced reconstruction spots. For various coverages,
the mean value of the 1/4-spots depicted in Fig. 10.7 by a green arrow was extracted from the LEED
patterns and normalized to the according (00)-spot. Then the data was again normalized to the mean
value of the data above 1.2 ML as the intensity might vary depending on the quality of the surface. The
resulting data are plotted in Fig. 10.7 (b). One can see the clear trend of the data to saturate justify-
ing the normalization approach. Fitting the intensity emersion with a dose-response relationship and

triangulating the slope, a saturation coverage close to 1 ML is obtained. Excess coverage results in the
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Figure 10.8: False color SEM image of the cluster formation due to excess Au on a sample with 2 ML
coverage: The clusters appear as bright dots because of the higher work function compared
to the oxidized surface. The scaling is linear from black and red over yellow to white. The
contrast has been slightly increased to let the clusters become clearer.

growth of Au-clusters on the surface [184]. Due to the complete absence of any Au(111) diffraction
spots their size and distribution must be low.

As a confirmation of cluster growth, a sample of 2 ML coverage was checked with a SEM. During
the transfer to this device the sample had to be exposed to the atmosphere and, therefore, the highly
reactive surface oxidizes except for the Au clusters. A false color plot of the SEM data in Fig. 10.8 shows
them as bright dots, i.e. high intensity, most-likely due to an edge contrast of those small gold droplets
on top of the slightly oxidized Ge-Au surface. However, Au is reported to always appear brighter on
semiconductors [210]. There is a more or less random distribution with distances between 2 um and
5um. They are all approximately 150 nm in diameter.

These clusters also work as a reservoir. Gold travels from these 3d structures across the nanowire
domains forming the desired structure. This behavior can explain a sometimes lower amount of gold
needed when reusing a germanium sample [201]. In this case, the surface was most likely not com-
pletely purged from those clusters.

However, the need for 1 ML coverage is in contrast to most of the predicted coverages of < 0.75ML

and suggests to recheck the proposed structures. Stabilizing subsurface gold positions are a possible
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Figure 10.9: H(S) (a) and G(S) (b) curves of a Ge(100) after various adsorptions of Au: There is a strong
change in the data for increasing coverage. (a) An additional minimum starts to evolve at
half integer phases indicating the formation of domain boundaries of double atomic step
height. (b)

origin. However, such a high coverage leans towards one of the more complex structural models.

10.2.2 Extension of the Spot Profile Analysis to the Gold-Covered Surface

For a more detailed characterization of the structure, H(S) and G(S) curves were extracted from the
energy dependent plots after each evaporation step, although the surface now contains two kinds of
atoms with different scattering factors f,, and fg.. Anyhow, the relations elaborated in section 2.2 will
now be extended to this more complex structure.

Fig. 10.9 (a) shows the variation of the widths of the Lorentzian part of the central peak. The data are
plotted as a function of the scattering phase S with respect to the single atomic step height of a Ge(100)
surface. There is a significant change in the overall oscillation period with increasing Au coverage.
While for the pristine surface and low coverage < 0.2 ML the dominating step height is the single step,
for higher coverages the probability of double steps increases strongly. With the entire surface being
covered with the Au wire structure, double steps are the dominating interdomain separation. Following
Eq. 2.15, the data were fit with

H(S) = n_‘z‘; ;% 01 (1= cos(278)) x (1= 01) (1 = cos(27Shy)) + Po(S). (10.4)
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Figure 10.10: Terrace width (a) and roughness (b) development after the adsorption of Au on Ge(100):
While the adsorption of Au triggers the growth of the terraces, the roughness is also
increased. This results strongly supports a reconstruction with deep trenches.

In this equation o is the probability of a monoatomic step between domains, 1 —o; = 0, accordingly
for twice this height. (') is the mean terrace width, a, the lattice constant, and P,(S) is an offset, all
in accordance with Eq. 10.1. As an approximation to phase changes that might occur due to different
form factors of Au and Ge, the height of a double step h, was allowed to change slightly. The best fits
were achieved with h, = 2.04 for coverages > 0.4 ML, corresponding to a strain or phase shift of 8 % in
the topmost layers.

Although there are more features hidden in the H(S) curve, the used fit function already gives rea-
sonable results. The mean terrace widths derived from the fits is shown in Fig. 10.10. Starting on a
sample of 2004, the adsorption of gold effectively increases the terraces to around twice this size. A
domain growth and, therefore, an increase in quality of the sample is a typical behavior when growing
metal-induced structures as the induced superstructure is energetically much more favorable due to the
reduction of the surface energy.

The probability o of a single step domain boundary is given at the top of Fig. 10.11 (a) and drops
from almost 1 to below 0.4 for a surface covered with 1 ML of Au. As a consequence, the share of double
steps on the surface increases to values as high as 60 %.

The formation of steps with double atomic height upon Au adsorption is well known for vicinal Si(100)
[211]. Also pristine vicinal Si(100) as well as Ge(100) show the formation of double steps when their

miscut angle forces the system to exhibit strong domain imbalance [43]. On the given surface, however,
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Figure 10.11: Roughness properties of the Au covered surface: (a) The probability of a single step from
H(S) (top) and the vertical height correlations C;, from G(S). (b) A direct comparison be-
tween the pristine surface and one that is covered with 1 ML showing the surface rough-
ness increase into higher amounts of double, quadruple, and sextuple steps.

despite the creation of double steps, there is no difference in the intensity ratio of reconstruction spots
originating from different domains. When assuming a conservation of the initial miscut of the surface,
steps of single atomic height are still needed to balance both domains.

A similar trend of roughening is seen from the G(S) curves that are shown in Fig. 10.9 (b). Peaks start
to develop for the gold covered surface and are clearly visible for coverages > 0.6 ML, in agreement
to the H(S) curves. Also in this data, there are features of higher order originating in the now more
complicated alignment of the rearranged gold-induced structure. Like for the clean Ge(100) surface, a

damping of the amplitudes can be explained by relaxation effects in the surface-near layers [208, 209].

The width of the integer phase peaks is decreasing meaning an increase of roughness. The data has
again been fit with Eq. 10.2 and the extracted result is plotted in Fig. 10.10 (b). Albeit large error bars
due to this very simple approximation, the roughness increases to ~ 3A that is about three times its
starting value. A trend to form larger terraces but with higher roughness is a behavior vice versa to the
terrace growth after the cleaning process described before. This result gives an indication to a complex
rearrangement of atoms in the Ge(100)-Au surface. This result tends to favor one of the corrugated

models with deep grooves between the developing conducting channels.

For a more in-depth understanding, the G(S) curves were analyzed in detail. The following expres-
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Figure 10.12: Simplified GMR model for a qualitative G(S) analysis: The proposed GMR model [180]
to the left was simplified by aligning the atoms in a rectangular shape in side view, cf.

also Fig. 9.5 (b). Germanium atoms are depicted in cyan, gold atoms in yellow. For every
even height h there is a finite layer distribution py, the odd heights are covered.
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sion, cf. Eq.2.17, was able to describe the data with the assumption that each layer is identical:
6
G(S) =Py(S)— Y Cy x [1—cos(2nSh)] (10.5)
h

Here, C;, are the correlation coefficients giving the presence probability for a height h. This height was
again allowed to shift slightly as approximation for relaxation and different form factors. After the fit

the correlation coefficients were normalized such that the sum of all Cj, is 1.

The resulting C;, for every measured coverage are displayed in the bottom of Fig.10.11 (a). One
can see a clear trend that after the evaporation of around 0.25 ML C; ist strongly falling whereas C,
increases. A relative increase in C4 and Cg is also visible. A bar chart comparing the values before and

after adsorption is given in Fig. 10.11 (b). Also these data support the corrugation upon Au adsorption.

Based on the GMR model shown to the left in Fig. 10.12 that has been suggested by van Houselt et
al. [180] and calculated by Sauer et al. [188], a simple estimation can yield values for all C, by the
simplified model to its right side. Induced by Au adsorption on the side of this model only the second,
fourth and sixth layers have a finite coverage p;, the coverages of the odd-numbered layers are zero.
Their values are assumed to p, = 1 and p, = p, = pg = 2. With the formula for height correlations of
Eq. 2.18 the following normalized values are obtained:

13 10 6 2
Co=—, C=—, C=—, Cg=—, C;=C3=C;=0
0731 P31 Y31 T3 MRS
Here, C, is a self-interference term. Qualitatively, these ratios were found by the G(S) analysis. There-
fore, a model closely related to the GMR is supported by the results of this chapter. It may need, however,

some refinement to take the discrepancy between the theoretical and the experimental coverage into
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account. A key to that might be hidden in subsurface regions. Recent calculations by the Seino et
al. [192] already started into this direction.

10.3 Conclusion of the Structural Analysis

The results of this chapter show that the Ge(100) surface needs an extraordinary treatment to obtain
a system with large terraces and free from defects. Additionally, multiple cycles of flashing with sub-
sequent annealing are crucial within this recipe. The terraces obtained are as large as 600A with a
roughness below one atomic height difference.

Although the formalism derived in Chapter 2 for the H(S) and G(S) analyses is only valid for the
assumption that the scattering properties of all terraces are identical, the approach was extended to
the gold covered surface. As it turned out, the resulting data described the rearrangement of atoms on
the surface rather well, at least qualitatively. There is an increase in roughness in the form of double,
quadruple and sextuple step heights with a simultaneous growth of the terrace size. This leads to the
preference of one of the corrugated structural models introduced in Chapter 9 such as the GMR or the
ATSGR. Furthermore, the reduction of free surface energy by the adsorption of Au leads to a healing
effect on the surface seen by the terrace growth. This is the same driving force that also improves
the Si(hhk)-Au systems of Part II or leads to a facetting of Si(100) surfaces with 4° miscut upon gold
adsorption [212].

In addition, carrying out G(S) and H(S) analyses on a relatively complex structure showed that it is
possible to obtain reasonable information from a spot profile analysis. Other approaches are the time
consuming numerical fits of IV-LEED or the generation of Patterson maps in SXRD experiments. Of
course, their results are far more accurate. Nevertheless, it is recommended to use energy dependent

SPA-LEED more often for first hints about an uncertain topology of a surface.
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11

Plasmonic Excitations in Ge(100)-Au

This chapter presents the excitations attributed to plasmons seen in electron energy loss spectroscopy.
First, the overall shapes of the losses in the spectra are discussed. Then, attempts for the description of

the losses are carried out within a Tomonaga-Luttinger liquid and quasi-free electron gas approach.

11.1 Electron Energy Loss Spectra

On the Ge(100)-Au systems, as introduced in the previous two chapters, electron energy loss spectra
were recorded. Fig.11.1 (a) shows sequences of these spectra on a semi-log scale as a function of
increasing k for a sample with 1 ML Au coverage. The shown measurements have been carried out in
[011] direction. However, no difference was seen when measuring in [011] direction. This behavior is
expected as the surface exhibits two domains distributed equally on the surface. All data were plotted
normalized to the intensity of the elastic peaks of each spectrum and shifted upward in intensity with
increasing k for better visibility. The integration time of the curves was ~ 10s per data point with a
resolution of 3meV. These time-consuming settings were necessary due to the very low intensity of the
plasmonic signal as also directly visible in the spectra given.

Fig.11.1 (b) shows the fitting procedure to obtain the positions of the excitations. The spectra of
Ge(100)-Au could be fit in the same way as the Si(hhk)-Au spectra, cf. Chapter 7. However, compared
to the excitations of the Au wires on vicinal silicon the intensity of the plasmon is 100 times lower and
at least three orders of magnitude below the elastic peak of a spectrum. These widths also result in a

high uncertainty of the exact position of the Gaussian part during the fitting process. Additionally, the
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Figure 11.1: Electron energy loss spectra of Ge(100)-Au for increasing momentum with used fitting rou-
tine: (a) Though having a very low intensity, a dispersing feature can be seen for increasing
momentum in the spectra given as black lines. Its shift is highlighted by the dashed dark
yellow line. (b) Example of the fit routine for k = 0.110A"". The data was described
with an empiric description of the background, fitting the plasmon peak with a Gaussian
function. The individual components are depicted by the gray dashed lines, the resulting
fit in solid black. The data is given by the dark yellow circles. The intensity of the plasmon
loss is three orders of magnitude below the elastic intensity of the given spectrum.

exponential decay of the spectrum next to the elastic peak is much flatter having its origin most likely
in the much lower electron density of this system of only n = 7.4 x 10® cm™. Such a small density also
gives a possible explanation of the low excitation probability of the plasmon.

Nevertheless, a dispersing feature can be seen in the spectra of Fig.11.1 (a) that shifts to higher

energies with increasing k. Its trend is indicated by the dark yellow dashed line through the loss maxima.

11.2 Dispersion of the Plasmonic Excitation

All spectra were analyzed as described above and depicted in Fig. 11.1(b). The extracted data together
with two possible descriptive models are plotted in Fig. 11.2.

Measurements were carried out for coverages from 0.5 ML to 2 ML, indicated by a different marker
as defined in the key. The accuracy of the coverage was around 10 %. Although there is a high scatter

in the data, no difference or trend was found that shows an effect on coverage. This indifference is in
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agreement with the fact that upon adsorption the gold covered superstructure grows in patches [177]
with the subsequent formation of excess gold clusters [184], cf. the SEM image of Fig. 10.8 and Chapter
9. In conclusion, the plasmon occurs in a locally reconstructed part that is insensitive to an incorrect
amount of Au. However, not all measurements showed a plasmon excitation peak although the LEED
pattern and sample quality were excellent. The origin of the lack of a plasmon remains unclear. Albeit,
a possible explanation is an excitation intensity too low to be visible in the background noise.
Unfortunately, due to their small intensities, the centers of the Gaussian part of the plasmon could
only be determined for k values above 0.04 A", The data seem to saturate for k < 0.13 " and increase
steadily above. A first approach is to assume a finite wire length that leads to a standing wave and,

consequently, to no dispersion for low k. From the quasi-free electron dispersion relation

hzki hzﬂjz

= =——n
2m*  2m*]2

2 (11.1)

with n = 1 and m* = 0.13m,, a length of [ = 20A results. Compared to the structural investigations
in the previous chapter that showed minimum terrace sizes of 2004, this value is extremely low and,
respectively, there is no reason to assume a mean distribution of such short wires. As all measurements
were carried out on dual-domain samples, standing waves perpendicular to the wires are also a possible
source. The wire spacing itself is 16 A and, assuming an infinite square well of this size, results in an
eigenenergy of 1.1€eV. Therefore, this origin can also be ruled out since the measured values are lower
in energy.

Thus, two different approaches are carried out in Fig. 11.2: In (a) the data was fit with the model for
a Tomonaga-Luttinger liquid of Eq. 3.26 and in (b) a quasi-free electron gas plasmon was numerically
computed.

11.2.1 Description as Tomonaga-Luttinger Liquid Plasmon

Since a fit with an isotropically screened Coulomb potential, as suggested in Eq. 3.27, cannot describe
the high curvature seen in the data, the fit of Fig. 11.2 (a) contains an arbitrary interaction potential
perpendicular to the wire as also already introduced in context with a TLL elsewhere [213] and given
by

v.(k) = amhvgexp (—kz/k2 (11.2)

crit/ *

The resulting dispersion to first order is then specified by

E(k) = fivek (1 + aexp (—k?/K2.)). (11.3)

crit

The data can be described by setting vy = 1.08 x 10°m/s, a = 2.0, and ke, = 0.06A . In this case,
Fourier transforming the Coulomb potential leads also to a Gaussian distribution with ry,, = 27.8 A,

meaning a strong electronic screening by charges located at a distance of r = 40A, much larger than
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Figure 11.2: Data extracted from loss measurements with two possible descriptive models for the plas-
mon dispersion relation: No dependence of the data on coverage can be made out, cf.
colored markers in the key. (a) The TLL model was used in combination with an arbitrary
Gaussian distributed Coulomb interaction given by the purple line. Here, vy for the fit does
not result in the one from photoemission, cf. red and green line. K, from STS data results
in a renormalization lower than expected; it should be inside the blue region. (b) Calcu-
lations of a QFE plasmon with an extrapolated parabolic band from photoemission for a
single wire (dashed red) and an array of wires (solid red) with w = 5A as well as an array
of wires with w = 20A (dotted purple) and with additionally doubled electron density
(dashed purple). The bright red area shows the electron-hole excitation continuum.

the interchain distance d.

Although the resulting parameters perfectly describe the data, their values are highly questionable.
First of all, for high k the dispersion aligns to a vy that is twice the value of a Fermi velocity acquired
from photoemission [193] and a tight-binding calculation [194] for the direction parallel to the wires,
indicated by the red dashed line for the fit and the green dash-dotted line for the experimental data
in Fig.11.2 (a). This value is still compatible when taking into account the constant C introduced in
Eq. 3.28 lifting the interaction also for short wavelengths. However, it remains unlikely to be that strong.
Additionally after the interpretation of the STS data [196], Luttinger theory yields K, = 0.26. Thus,
this value renormalizes the velocity to u = vg/K, ~ 4vg, shown by the grey dotted line. In contrast, the
fit results in a much higher renormalization, as depicted by the blue dotted line. Due to the lack of data
points for low k, an upper boundary for this Luttinger constant arises to K, < 0.17. The region filled
in bright blue is the corresponding region for these values. All these contradicting results rule out the

presence of a TLL behavior.
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Figure 11.3: Wave functions of varying widths for the description of the Ge(100)-Au plasmon. Changing
the width from 5A (a) to 20A (b) leads to a strong overlap in the surrounding wavefunc-
tion.

11.2.2 Quasi-Free Electron Gas Description

Another approach was the treatment as a 1D Fermi liquid, as conducted also for the Si(hhk)-Au systems
in Chapter 7 and elaborated in Chapter 3 for numerical calculations. The electronic structure of this
system was fit with a parabola to m* = 0.13m, and kp = 0.058A" " in direction parallel to the wires
[196, 194]. Thus, simple theory was possible after the computation of v, (k).

The calculations were carried out with a wave function of Gaussian electron distribution with a width
of w = 54 and an interchain distance of d = 164, cf. Fig.11.3 (a). Choosing this width is reasonable
when comparing with STM data [179, 184]. The system was modeled with five wires to the left and
additional five to the right of the conduction channel. The dielectric constant was chosen as the mean
value of germanium! and vacuum as € = (16.2 +1)/2 = 8.6.

The resulting plasmonic dispersion is plotted in Fig. 11.2 (b) by the dashed red line for a single wire
and by the solid red line for one placed within an array of wires. For high k > 0.09 A_l, there is a good
agreement between the data and the calculation. This conformity is mainly attributed to the behavior

of the upper boundary of the electron-hole single-particle excitation spectrum (SPE). This agreement

'From Ioffe Institute (http://www.ioffe.ru/SVA/NSM/Semicond/Ge/)
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also gives an indication that the chosen dispersion of the electronic band is correct. For lower k-values
the data is lying both above the array’s plasmon as well as the single wire one. As the overlap of the
wave functions increases the energy for long wavelengths, the extent of the Gaussian functions with
FWHM of 5A used in the model is not sufficient.

Therefore, the same calculation was carried out for wave functions width a width of w = 20 A of each
wire to obtain an immense overlap as depicted in Fig. 11.3 (b). To include this overlap appropriately, the
numerics were carried out in an array of 51 such wires. In total, the system now corresponds to a wider
channel in a 2D environment. The resulting dispersion relation shows a trend toward the extracted data

depicted by the dotted purple curve. Its induced blueshift but is still not sufficient.

Qualitatively, the data can only be described by a further increase in the electron density to twice
the value compared to the one observed in ARPES, as given by the dashed purple line. One possible
explanation for this doubled amount of electrons is the fact, that there are two electron pockets per unit
cell. Another explanation is the elliptic two-dimensional Fermi surface as described by the work of De
Jong et al. [194]. Their description of the electronic band structure has the shape of an upside-down
hat, with a general slope of higher effective mass perpendicular to the wires compared to the parallel
direction. Thus, in a two-dimensional case, the electron density is highly underestimated within this
1D theory.

While the difference in electronic structure also leads to anisotropic conduction properties, an addi-
tional perpendicular conduction channel leads to a substantial delocalization of electronic states. This
crossover to two dimensions was modeled by the stretch-out of the wave function in the given case,
justifying the approximation made. However, the lower boundary of the SPE must be neglected in a
real 2D case.

11.3 Conclusion of the Plasmon Investigations

Both description trials with a TLL model and the free-electron gas plasmon are unsatisfactory as they
need severe modification that cannot directly be attributed to the properties of the system. However,
albeit the need for a higher electron density, the slope of the stretched-out electron system is most likely
the best approach to the observed excitations. Anyway, the predictions of Fermi liquid and Luttinger
liquid theory are qualitatively very similar. The primary influence is given by the Coulomb interaction

in the form of v.(k), and there is no real reason to use the arbitrary Gaussian potential of Eq. 11.2.

In conclusion, these results in combination with newer ARPES investigations [ 194] suggest the Ge(100)-
Au system to be a strongly anisotropic 2D metal. Accordingly, this finding indicates that not all wire
structures necessarily have a one-dimensional electronic behavior. For a more quantitative investiga-
tion of this system, an angle-dependent measurement on a single-domain surface is necessary. Such a

system can be realized on a vicinal Ge(100) wafer with only several degrees miscut as already reported
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in Ref.[214]. For a quasi-one-dimensional plasmon, a dependence of
E(k) = E(k;) x cos (11.4)

is expected [215, 216, 217], with k|| as the part of k aligned parallel to the wire direction and 6 as the
angle between k and the wire. Investigations on such samples have been started already within this
group. Although the LEED patterns mainly showed sharp spots of one domain, energy loss spectroscopy
did not yield a visible plasmonic excitation.
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Part IV:

Conclusions






Summary of the Findings

This chapter is meant to summarize and evaluate the findings of this work and to give some overall con-
clusions. It starts with the results from Si(hhk)-Au and Ge(100)-Au, draws some conclusions regarding

atomic wires on surfaces, and provides an outlook in the end.

12.1 Si(hhk)-Au

First, this thesis investigated the Si(hhk)-Au system with LEED and EELS-LEED in Part II. Well-ordered
structures of quantum wires consisting of either one or two atoms width were grown on wafers with
the four cutting directions (335), (557), (553), and (775). In Chapter 6, an analysis of the structure
was carried out. In particular, for the Si(553)-Au HCW system, the wire lengths were estimated to be
> 200 A with a similar perpendicular order.

In Chapter 7, electron energy loss spectroscopy revealed plasmon dispersions that deviated strongly
from the expectations of the quasi-free electron gas behavior obtained in ARPES. By an empiric mod-
ification to quasi-1D plasmon theory, a description was possible. For the gold-induced wire phases on
Si(553), Si(775), and to some extent also for Si(557), a direct proportionality to the terrace width was
found.

For a more ingenious approach, the parabolic shape of the quasi-free electron gas model of Chapter 3
was replaced with the single-particle excitations resulting from numerical band structure calculations.
Most of them were available by the Paderborn group [121, 132]. Those electronic state computations in-

cluded additional bands induced by the present structural elements. These elements were, in particular,
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Figure 12.1: Relation between electronic band structure and electron-hole excitation spectrum: The
arbitrary band structure of (a) defines the limits of the single particle excitation spectrum
w4 by the Fermi level Eg; and ky;. With the definition of Eq. 3.13, wp; results with w,
as its lower limit. For the same band structure with a higher Fermi level Eg; in (b), the
plasmon energy wp, in (d) will be lower due to the shape of the band.

the Si step edge and, where applicable, the adatom chain. By comparison with the plasmon dispersion,
slight disagreements were found. Nevertheless, proposals for changes of the electronic structure were
given by turning the calculations around and calculating the continuum from the given plasmon data.
As finding of the lower boundary w_ of the electron-hole excitations spectrum was quite easy, there are
various issues that arise when calculating the upper boundary «w_, for more complex band structures:
Inside a band gap there is no distinct definition of w, and for some systems it is unclear whether an
electron or a hole-like character is dominating. For simple structures, however, it is relatively clear
which band to take into account.

The findings can be summarized by Fig. 12.1 (a) and (c). For an arbitrary band structure of (a), w,
and w_ are defined by the Fermi energy Eg; around kg;. Taking these curvatures, the calculation of the
plasmon dispersion wp; with Eq. 3.13 results in the blue curve in (c).

However, the empiric model as well as of the band structure dependent approach show the same
physics. The terrace width dependence seen in the first model is simply caused by the additional struc-
tural elements that will occur on wider terraces. In the second model, these elements directly change
the band structure, leading to a more sophisticated description.

Further information was obtained from the shape of the plasmon excitation peaks. The maximum
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excitation probability was around 1/1000 of the elastically scattered intensity. Furthermore, the sys-
tems were quite stable with a loss peak decrease of around 30% after 12h in the present vacuum of
5 x 10~ mbar. The investigation of the widths revealed a broadening beyond a lifetime effect. The
primary influence is due to the k-space resolution of the spectrometer that feeds back to the energy res-
olution depending on the dispersion relation of a given system. Further discussion about the increase of
the width is also carried out, mentioning among others the band structure, electron-electron scattering,

and the scattering geometry itself as possible influences.

In Chapter 8, the influence of the adsorption of oxygen and hydrogen was investigated. Substantial
changes in the plasmon energy were observed for the systems with an adatom chain, in particular the
plasmon in Si(557)-Au increased its energy by 70 %, the plasmon in Si(775)-Au by 30 % for a dose of
around 15 L. No changes were observed for the Si(553)-Au system. Thus, the origin was attributed to the
adatom/restatom chain. Numerical calculations of the electronic band structure for various oxidation
sites on Si(557)-Au were not able to indicate such behavior when using the procedure elaborated before.
Calculations for Si(775)-Au were not available. Anyhow, a decrease of the electron density at Ej is
expected for oxidation. As an increase in the plasmon energy is seen, the band structure must change
in a way that the slope of w, is much steeper for both systems. Within the empiric low-k model, this

behavior is explained by an increase of the confinement.

Atomic hydrogen adsorption on Si(553)-Au led to a decrease of the plasmon energy by 40 % after
saturation of approximately half of the step edge atoms. Though the electron density is increased, this
behavior was explained by the shift of the Fermi level to a situation such that the slope of the upper

boundary w_ was decreased, as also suggested by calculations of Hogan et al. [157].

This behavior is also illustrated in Fig. 12.1. In (b), the Fermi level Eg, is shifted upwards in respect
to the same band structure as given in (a). Accordingly, w, and w_ change. As a consequence of
the slope of the band itself, the resulting plasmon wp, will be lower in energy than the plasmon wp;
of the original system, though the electron density has increased. However, this model only works
as long as w, is energetically higher than w_. For the case of w, < w_ they would change their
sign and the considerations become hole-like. In that case, the energy of the plasmon would increase
again. None of the investigated systems of the chemisorption in Chapter 8 showed such a behavior,
though. Such inversion of w, is expected for the hydrogenation of the Si(553)-Au surface. During those
measurements the plasmon energy shifted downwards until the loss peak could no longer be resolved.
However, the reduction of 40 % observed is still compatible with the region depicted in Fig. 12.1 (d).

Moreover, it is not verified if hole-like plasmons in the picture just developed exist at all. The descrip-
tion of the plasmon in Si(775)-Au was both possible by an electron-like or such a hole-like approach
where . points into the occupied states. A possible experiment to a solution of this problem is a sam-
ple with a backgate. Due to the field effect, the Fermi level can be shifted while the shape of the band
structure is untouched. In this manner, the correct model is directly seen by the increase or decrease of

the plasmon energy for a particular voltage bias.
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All in all, these investigations revealed what to include in the understanding of plasmonic excitations
of atomic wires embedded into a rather complex environment. The dimensional crossover to 2D and
3D is significant. Its main parts are the dielectric background of the substrate, the interwire correlation
of the adjacent conducting channels in the array, and most importantly additional structural elements
next to the wires that modify the electronic band structure of the entire system by hybridization. This

influencing crossover can also be used to tune the properties of a 1D plasmon.

12.2 Ge(100)-Au

The investigations on Ge(100)-Au were carried out in Part III. Special attention was put into the sample
preparation due to the inherent lower quality of germanium substrates. In Chapter 10, a recipe of se-
quences of Ar* sputtering with subsequent annealing was developed that allowed obtaining high-quality
Ge(100) surfaces as seen by spot profile analysis techniques in LEED, i.e. G(S) and H(S) analyses. The
following preparation of the Ge(100)-Au wire structure yielded a corrugation that highly supports a
structure related to the giant mission row reconstruction that was proposed by Van Houselt et al. [180].
The coverage of the system was determined to 1 ML suggesting a modified structural model similar to
GMR, potentially with subsurface Au positions.

In Chapter 11, EELS showed only very broad plasmon loss peaks of low intensity. This result was
also one of the reasons to improve the quality of the samples. However, even for optimized growing
conditions, the peaks remain the same. The origin of this behavior remains unclear.

The plasmon dispersion relation acquired from the loss spectra shows a behavior that neither a
Tomonaga-Luttinger liquid model nor a quasi-free electron gas approach can explain. A rather qual-
itative description was possible with an increased electron density and a high overlap of the lateral
distribution of electrons with the adjacent wires. As already indicated in the literature, this circum-

stance must be attributed to an anisotropic 2D nature of this system.

12.3 Conclusions Regarding Atomic Wires on Surfaces

The observed collective excitations of this thesis gave insight into the possible influences to the elec-
tronic properties when embedding atomic wires on a surface. Lateral structural elements have a strong
feedback. Furthermore, especially the results of Chapter 7 revealed that the structural motifs are not a
modular part of a construction kit, but strongly influence each other. As an example, the silicene band
on Si(335)-Au has a much stronger curvature compared to all other systems, meaning a less localized
state in real space. That electronic change is a possible indication why the simple systematics of the
empirically modified low-k model no longer work for this surface. Furthermore, some motifs may act as
potential barriers, e.g. a silicene step edge or, as proposed in Chapter 8, the oxidized adatom/restatom

chain, leading to the modification of the quantum states. Coulomb screening for a decoupled substrate
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in the form of an effective dielectric environment € as well as by adjacent wires in an array is an im-
portant aspect, especially for plasmons. This work showed that these predictions in the form of the

numerically derived Coulomb matrix element v.(k) were compatible with the observations.

However, the influence of the bulk is not always that simple. It turned out that the Au-induced wires
on germanium are most likely an anisotropic 2D metal. As the wires are not connected to each other,
the substrate itself must induce a conducting channel perpendicular that short-circuits the wires. This
result also shows that a wire-like looking structure is not necessarily one-dimensional in its electronic

states.

Additionally, this work showed that it is important to be very careful with photoemission data. For
both wire families, a carefree usage led to misinterpretations: In the case of the Si(hhk)-Au systems,
invisible hybridizations were not taken into account until DFT calculations revealed their existence. As
it turned out, they were a crucial aspect for the description of electronic excitations in these systems.
In the case of Ge(100)-Au, the system was interpreted to be of one-dimensional metallic character
because the insufficient resolution of the measurements did not uncover the elliptic Fermi surface of

this anisotropic 2D system.

The specific modifications of the electronic states of such systems by, e.g., chemical adsorption can
result in a rather complex issue. While the saturation of dangling bonds with hydrogen acted similar
to macroscopic doping processes because of a kind of proximity effect, the oxidation of the Si(hhk)-
Au adatom chains had a tremendous effect on the band structure. In conclusion, such attempts are a

delicate approach when thinking about an on demand fabrication of atomic wires.

The insights into quasi-1D plasmons gained in this work allow to divide them into two parts: a low-k
and a high-k regime. For low-k, the system is dominated by the inter- and intrawire correlations, by
bulk screening, as well as by the feedback of the additional structural elements. All these properties are
hidden in the empirically introduced effective wire width a when assuming a quasi-free electron gas
behavior of the conducting chain. For the high-k region, only the electronic band structure is important
and there it is no longer possible to distinguish between the upper boundary of the single-particle
excitation spectrum «, and the plasmon wp. Their energies are degenerate. Although there is no sharp
boundary between those two regimes, for the systems investigated in this work, the low-k behavior

dominates below 0.05A ' and the ambiguity of the high-k regime starts for momenta > 0.1 AT

How realistic is the application of such atomic wire systems in general? The world is far away from the
embedding into real devices, as the formation up to now is only possible by self-assembly. A designed
fabrication of atomic wire circuits is still impossible. The investigations of the widths of the plasmon
peaks revealed a broadening beyond an effect of lifetime. The damping mechanisms are not fully un-
derstood, but the similar trend for all systems indicates the same driving force for such small wires.
Unfortunately, this effect leads at least to an energetic uncertainty for higher k. On the contrary, life-
times of > 100 fs can be estimated for k < 0.02A . With a typical propagation speed of 1 x 10®ms™!,

such plasmons travel distances of > 100nm. This is a sufficient range for an on-chip application.
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Anyway, a defect in an atomic wire always means the end of metallic conduction. Therefore, a perfect
fabrication would be necessary. As a consequence, a more promising approach for future applications
of small plasmonic channels is the use of systems that condone defects. Such systems are, e.g., 2DEG

ribbon structures like the wider Ag nanowires on vicinal silicon surfaces or graphene.

12.4 Outlook

In contrast to earlier investigations on, e.g., Si(557)-Ag [29] or DySi, wires [218], the applied modi-
fications to plasmon theory showed that the simple model of using the approximation of a quasi-free
electron gas would no longer hold true for atomic wires embedded into structural elements of the
same scale. Obtaining the slope of a plasmon for such rather sophisticated systems always needed the
knowledge of the complex dielectric function e(k). However, the numerical calculation of this function
requires additional orders of magnitude of processing power compared to the determination of merely
the ground state, i.e. the computation of the electronic band structure.

This thesis showed a modification that can be done within the simple plasmon theories to obtain
a plasmon dispersion directly out of the bandstructure, cf. Fig. 12.1. However, there is still a lack of
clear instructions, as the effective masses m*, e.g., were obtained rather empirically around ky and it
remains unclear how to cope with band gaps. Furthermore, the behavior for w, in the occupied states
is not thoroughly clear. A backgate experiment was already suggested above in order to systematically
understand this issue.

Another good starting point beyond the approximations of this work might be the exchange of the
density response function y, in Eq.3.4. Here, instead of the quasi-1D description, a more general
form could be used, if possible. Anyway, it would be advantageous to see the discrepancies between a
complete computation of one of the quasi-1D plasmons within the same framework of the calculated
band structures and the approaches that have been done in this thesis. In this way, the quality of the
modifications can be determined.

The bending of the calculated w, for the Si(553)-Au systems was attributed to the band gap. A
newer calculation shows that it originates from the dimerization of the Au chain. If this dimerization
is temperature-dependent, a change in the plasmon for higher k should be visible. The scatter of the
present data of the plasmon dispersion of this thesis is rather high. This uncertainty might be the reason
why this feature was not seen for LT. Another potential explanation is that the temperature was not low
enough to see an effect. Therefore, special care must be taken to observe this possible behavior. With
the new and brighter LaB filament in the EELS-LEED the resolution can be improved while keeping the
same backscattered intensity. This property can help such observations.

Talking about the doping experiments of Chapter 8, data were only recorded at selected k. For further
insight into the changes in the band structure, complete dispersions for a defined adsorbed amount of

both oxygen and hydrogen would be highly useful. Furthermore, numerical calculations for the oxidized
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Si(775)-Au are crucial for the understanding of the oxidation processes.

During this work, the spot profile analysis of the Ge(100) and its Au-induced wire construction helped
improve the growing conditions. Nevertheless, it is still unclear which structural model is right. As
the results highly support a structure with a deep groove, further improvements were already carried
out for a family of wires with coverage > 1ML in Ref.[192]. However, the discrepancy between the
coverages in the literature might be one of the big uncertainties, possibly because gold has a higher
solubility in germanium compared to, e.g., silicon [219]. Therefore, the attention should be directed to
the optimization of the surface free energy and the accordance with experimental data. As the plasmon
data showed that the system is unlikely one-dimensional, also the electronic band structure of those
models must not be 1D.

An angle-dependent plasmon investigation can also help clarify the nature of the anisotropy in the
electronic states. Such a measurement is possible for a sample with most of the surface domains featur-
ing the same wire direction. This growth mode is possible on a vicinal Ge(100) sample with only minor
miscut of ~ 4°. Such investigations already started within our group but led to no visible loss peaks in
the spectra although the samples were of superior quality.

Apart from additional studies on the same systems, the insights gained in this work can also be
used to clarify the situation in other structures. As a particular example, the elaborated systematics of
Fig. 12.1 might lead to a better explanation for the plasmonic excitation in Si(111)-In [41], where also
hybridizations change the electronic band structure [220]. In a wider sense, as the result on Si(hhk)-
Au indicated, the values for higher k will give a good approximation for the slope of the unoccupied
states and, thus, can be a simpler and quick experimental approach compared to the typical two-photon
photoelectron spectroscopy (2PPE) experiments.

In addition, the influences of structural elements as well as the chemisorption-induced changes showed
various ways that change plasmon properties. This information will give a good starting point for the

future engineering of plasmonic structures on the atomic scale.
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Source Code of the Plasmon Calculations

The calculations for the plasmon dispersion were carried out with a short script for Python, called “Dis-

pcalc_harm.py” see Lst. 1. This software will load constants from “constants.py” and a defined wave-

function, in the given case the one according to harmonic confinement as defined in “wfldharm.py”.

Alternatively, it is possible to use square-well confinement by replacing the file to “wfldsq.py”. Their

source code is given below. The variables are set to the values used for the Si(553)-Au system when

taking the data from ARPES. The given wavefunction is used in the integrals defined by the functions

in lines 45 and 49 to obtain the Coulomb interaction as defined in Eqs. 3.12 and 3.18. All values will

be

10
11
12
13
14
15

16

calculated in SI-units, only the energies in the output of the file “data.asc” will be in eV,

Listing 1: Dispcalc_harm.py
#General import
import numpy as np
import scipy as sp
import scipy.integrate as integrate
import scipy.special as special
from math import pi as pi
from math import exp as exp

import matplotlib.pyplot as plt

#Import constants

from constants import x

#Import of wavefunction
from wfldharm import

#Variables
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17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

#mstar

m = 0.59xme

#gs dimensionless

gs = 2

#kF in inverse meters

kF = 0.448e10

#E F in J and eV

Ef = hbarxhbarxkF«kF/(2xm)

Efev = hbarxhbarevxkF*kF /(2xm)
#Confinement width in meters

a = 2.76e—10

# 2.76 is FWHM = 6.6 (twice Si—Si)
#Wire spacing

d = 14.8e—10

#Number of wires to the left and right
n=3,5

#Epsilon dimensionless

epsilon = (11.5+1)/2

#Resolution in inverse meters for dispersion relation
rnge = 0.2el0

res = rnge/200

k = sp.arange(rnge/1000,rnge, res)

#Prefactor of Coulomb interaction v_c

vive = (2xe*x*2) /(4xpixepsilonOxepsilon)

#Definition of integrating function to obtain v_c without prefactors
def vesim(k,a):
return integrate.dblquad (lambda y,ys: special.kn(O,np.abs(kx(y—ys
)+1e—100)) x(wf(y—a/2,a) xx2) x(wf(ys—a/2,a) *x2) , —10%a, 10xa,
lambda y:—5xa, lambda y:5xa)

#Definition of Coulomb interaction to the adjacent wires
def vcsimmultiple(k,a,d,n):
return integrate.dblquad(lambda y,ys: special.kn(O,np.abs(kx(y—ys
)+1e—100)) *(wf(y—a/2,a) *x2) x(wfmultiple (ys—a/2,a,d,n) **2) , —nx
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51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

d—10%a, nxd+10%a, lambda y:—nxd—10xa, lambda y:nxd+10xa)

#Simplification of STLS approximation
def gkorr(k inp,gs inp):
return 0.3xgs _inpx(k_inpxle—10)**(1/4)+0.8xk _inpxle—10

#omega+ and omega—
def omegaplus(k _inp,kF inp):

return (hbar/m)«((k_inpx%2)/2 + k_inpxkF_inp)
def omegaminus(k _inp,kF _inp):

return (hbar/m)x((k_inpx%2)/2 — k_inpxkF_inp)

#Empty arrays

ve = np.zeros(len(k))

vemultiple = np.zeros(len(k))

avonk = np.zeros(len(k))
avonkmultiple = np.zeros(len(k))
omega = np.zeros (len(k))
omegamultiple = np.zeros(len(k))
omegaplus_values = np.zeros(len(k))

omegaminus_values = np.zeros(len(k))

#For loop for calculation, prints step
for i in range(0,len(k)):
print (i)
temp = vesim (k[i],a)
tempmultiple = vesimmultiple (k[i],a,d,n)
ve[i] = vivextemp[O]
vemultiple[i] = vives(temp[0]+tempmultiple[0])
avonk[i] = hbar*x2 % 2 % pix k[i] / (m % gs % vc[i] x(1—gkorr(k[i
1,88)))
avonkmultiple[i] = hbarx*2 % 2 % pi % k[i] / (m % gs x vcmultiple
[i] x(1—gkorr(k[i],gs)))

omegaplus_values[i] = omegaplus(k[i],kF)
if k[i]<2%KF:

omegaminus_values[i] = np.abs(omegaminus(k[i],kF))
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85

86

87

88

89

90

Nl

1

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

else:

omegaminus_values[i] = 0

omegal[i] = np.sqrt((omegaminus(k[i],kF)**x2 — omegaplus(k[i],kF)
xx2 * np.exp(avonk[i])) / ( 1 — np.exp(avonk[i])) )

omegamultiple[i] = np.sqrt ((omegaminus(k[i],kF)*%*2 — omegaplus (k[
i],kF)*x2 % np.exp(avonkmultiple[i])) / ( 1 — np.exp(
avonkmultiple[i])) )

#Write to file
file = open(’data.asc’, 'w’)
file . write ("k\tvc\tvecmultiple\tomega\tomegamultiple \tomega+\tomega—\n
")
for i in range(0,len(k)):
file .write (str(k[i]))
file . write("\t")
file . write (str(vc[i]))
file . write("\t")
file . write (str(vemultiple[i]))
file . write("\t")
file . write (str (hbarevxomegal[i]))
file . write("\t")
file . write (str (hbarevxomegamultiple[i]))
file . write("\t")
file . write (str (hbarevxomegaplus values[i]))
file . write("\t")
file . write (str (hbarevkomegaminus values[i]))
file . write ("\n")

file.close ()
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The following file “constants.py” inputs necessary constants into the scripts as the measurements have

been carried out in SI-units with energies in eV,

10

distribution of electrons. The function is defined in the following file “wfldharm.py”.

1

10

11

12

13

#hbar in Js
hbar = 1.05457148e—34
#hbar in eVs

Listing 2: constants.py

hbarev = 6.582119514e—16

#e in C
e = 1.6021766208e—19
#me in kg

me = 9.10938356e—31
#epsilon0 in F/m

epsilon0 = 8.854187817e—12

The input wavefunction for all calculations is given by a harmonic potential resulting in a Gaussian

#Harmonic wavefunction
def wf(y,a):

return (1/(2+pixax*2))*x(1/4)*np.exp(—y=**2/(4xa**2))

Listing 3: wfldharm.py

#Wavefunction of the harmonic array

def wfmultiple(y,a,d,n):

wfsum = 0

for i in range(—n,n+1):

if i '= 0:
wfsum

else:
wfsum

return wfsum

wfsum + wf(y—ixd,a)

wfsum
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Another possibility of a wavefunction is the result for a square-well potential, resulting in a sine. It is
defined as described in “wfldsq.py” and was only used in the plasmon theory of Chapter 3.

Listing 4: wfldsq.py

1 #Square—well wavefunction
> def wf(y,a):

3 if y<o0:

4 return 0

5 elif y>a:

6 return 0

7 else:

8 return np.sqrt(2/a)*np.sin(pixy/a)

10 #Wavefunction of the square—well array

n def wfmultiple(y,a,d,n):

12 wfsum = 0

13 for i in range(—n,n+1):

14 if 1 !'= 0:

15 wfsum = wfsum + wf(y—ixd,a)
16 else:

17 wfsum

18 return wfsum
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