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Abstract
Metal-induced atomic wires on the semiconductor surfaces are the ultimate limit of long-range ordered

quasi-one-dimensional electronic systems. In this thesis, the plasmonic excitations and their coupling

with the structural parameters, as well as the role of the embedding medium on the Au atomic wires,

self-organized on flat and high-indexed Si surfaces were investigated.

The atomic wire systems in the focus of this thesis, Si(111)-(5×2)-Au and Si(hhk)-(1×2)-Au, were

generated by adsorption of submonolayers of gold onto the reconstructed surfaces. These systems fea-

ture a broad range of characteristics that can exemplarily be classified based on the number of atomic

chains per terrace, inter-wire spacing, local structure of step edges, number of metallic bands and band

filling. High-resolution EELS-LEED and SPA-LEED were used as the main experimental methods to

address the mentioned properties and furthers. These experimental results were compared with the

atomistic DFT calculations. Moreover, for the Si(553)-Au system, IR transmittance experiments were

performed to investigate the optically active standing wave formation after oxidation.

As a prominent property of conductive electrons, collective excitation is strongly coupled to the crys-

tal lattice, electronic band structure, electronic and spatial confinement as well as properties of the

surrounding physical media. This makes plasmonic excitation an adequate tool to probe a variety of

interactions and coupling between those parameters associated with metallic structures. Taking this

advantage, the present thesis investigates plasmonic excitations and their coupling to structural and en-

vironmental parameters. As a result of this investigation, a strong cross-coupling of the electronic and

structural properties was revealed. For example, electronic doping to the Si(553)-Au system enhances

order along the wires, which also results in band gap opening at the same time. Moreover, modification

of individual structural motifs on the Si(557)-Au surface leads to a unique rearrangement of the band

structure while preserving the metallicity. Also, combining the plasmon dispersion with calculated band

structures, the kinetic sequence of the oxidation of the different atomic groups could be studied.

For most investigated systems, an almost quantitative agreement between atomistic calculations and

plasmon spectroscopy results was achieved, validating the calculated band structure and model used.

In particular, the unoccupied part of the band structure was investigated for atomic wire systems. As an

example, for the very first time unoccupied electronic band structure of the Si(111)-(5×2)-Au surface

was investigated by comparing plasmon dispersion with the available DFT calculated bands. Moreover,

doping of the latter surface with surplus Au and atomic H resulted in a metal-insulator transition. How-

ever, due to their highly robust anisotropic structure and electronic properties, the doping and oxidation

of Si(hhk)-Au systems underline more specific mechanisms in the fine-tuning of metallicity. Some of

these particular mechanisms include switching of bands, electronic interaction of adjacent terraces,

cross-talking of dimerization and band gap opening, self-healing of defects, robust metallicity due to

the site-specific oxidation, and indirect charge transfer to the metallic states, etc. have been extensively

studied in this thesis.





Zusammenfassung
Metallische atomare Drähte auf Halbleiteroberflächen stellen die physikalische die Grenze für lang-

reichweitige geordnete quasi-eindimensionale elektronische Systeme dar. In dieser Arbeit wurden so-

wohl plasmonische Anregungen und deren Kopplung mit strukturellen Parametern, als auch die Rolle

des Trägermaterials auf atomare Golddrähte untersucht, die durch Selbstorganisation auf flachen und

gestuften Silizium-Flächen hergestellt wurden. Schwerpunkt der vorliegenden Arbeit sind die Systeme

Si(111)-(5×2)-Au und Si(hhk)-(1×2)-Au, die durch die Adsorption von Submonolagen Gold auf rekon-

struierte Siliziumoberflächen hergestellt wurden. Diese Systeme zeigen eine Reihe von Charakteristika,

die anhand der Anzahl an atomaren Ketten pro Terrasse, dem Abstand der Ketten, der lokalen Struktur

der Stufenkanten und der Anzahl metallischer Bänder klassifiziert werden können. Hochauflösendes

EELS-LEED und SPA-LEED wurden als experimentelle Hauptmethoden zur Analyse der genannten Ei-

genschaften verwendet. Die experimentellen Ergebnisse wurden mit atomistischen DFT-Rechnungen

verglichen und diskutiert. Weiterhin, wurden für das Si(553)-Au-system IR-Transmissionsexperimente

durchgeführt, um die optisch stehenden Welle nach der Oxidation zu untersuchen. Als markante Eigen-

schaft metallischer Ladungsträger ist deren kollektive Anregung stark verknüpft mit dem Kristallgitter,

der elektronischen Bandstruktur, der räumlichen Einengung sowie mit den Eigenschaften des umge-

benden Materials. Dies macht plasmonische Anregung zu einem adäquaten Werkzeug um die vielen

Wechselwirkungen und Kopplungen, die mit den metallischen Strukturen verbunden sind, zu untersu-

chen. Basierend auf diesem Ansatz, analysiert die vorliegende Arbeit die plasmonischen Anregungen

und ihre Kopplung zu strukturellen und Umgebungsparametern. Als ein Ergebnis dieser Untersuchun-

gen, konnte eine starke Kopplung zwischen den elektronischen und strukturellen Parametern aufgezeigt

werden. Beispielweise verbessert elektronische Dotierung des Si(553)-Au-Systems die Ordnung in den

Ketten, bei gleichzeitiger Öffnung einer Bandlücke. Weitere Modifikationen von strukturellen Gegeben-

heiten in dem System führen zu einer einzigartigen Neuordnung der Bandstruktur bei Aufrechterhaltung

der metallischen Eigenschaften. Des Weiteren konnte durch eine Kombination der Plasmonendispersion

und der Bandstruktur die kinetischen Sequenz des Oxidationsprozesses verschiedener atomarer Grup-

pen untersucht werden. Für einen Großteil der untersuchten Systeme, konnte eine nahezu quantitative

Übereinstimmung zwischen den atomaren Berechnungen und den Ergebnissen der Plasmonenspektro-

skopie erzielt werden, wodurch sowohl die berechnete Bandstruktur als auch das verwendete Modell

verifiziert wurden. Im Speziellen konnte erstmalig der unbesetzte Teil der Bandstuktur atomarer Ket-

tensysteme untersucht werden, beispielweise die unbesetzte Bandstruktur von Si(111)-(5×2)-Au, die

durch den Vergleich der Plasmonendispersion mit den durch DFT Rechnungen ermittelten Bändern

untersucht wurde. Eine Dotierung der genannten Oberfläche mit überschüssigen Gold- oder Wasser-

stoffatomen führt zu einem Metall-Isolator-Übergang. Durch die Robustheit der anisotropen Struktur

und der elektronischen Eigenschaften, stellt die Dotierung und Oxidation von Si(hhk)-Gold Systemen

spezifische Mechanismen für die Feinabstimmung der metallischen Eigenschaften heraus. Einige dieser



Effekte, wie das Abschalten von Bändern, elektronische Wechselwirkung zwischen benachbarten Terras-

sen, die gegenseitige Beeinflussung von Dimerisation und der Öffnung einer Bandlücke, Selbstheilung

von Defekten, robuste metallische Charakteristika durch die positionsspezifische Oxidation, der indirek-

te Ladungsübertrag auf die metallischen Zustände, etc. wurden in dieser Arbeit detailliert untersucht.
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DFT Density functional theory

DOS Density of states

EELS Electron energy loss spectroscopy

FWHM Full width at half maximum

HCWs High coverage wires on Si(553)-Au

HSE Heyd-Scuseria-Ernzerhof hybrid functionals for DFT

HWHM Half width at half maximum

IV-LEED Intensity and Voltage dependent LEED measurements

L Langmuir (unit) = 1.33× 10−6 mbar s−1

LCWs Low coverage wires on Si(553)-Au

LEED Low energy electron diffraction

LT Low temperature (< 100 K if not defined otherwise)
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PBE Perdew-Burke-Ernzerhof approximation in DFT

RPA Random phase approximation

FL Fermi liquid

NFL Non-Fermi liquid

NFEG Nearly free electron gas

OCWs Optimum coverage wires on Si(775)-Au

RT Room temperature (≈ 22 ◦C)

SPALEED Spot profile analysis low-energy electron diffraction

SPE Electron-hole single-particle excitation spectrum

STLS Mean-field approximation by Singwi, Tosi, Land, and Sjölander

STM Scanning tunneling microscopy

STS Scanning tunneling spectroscopy

TLL Tomonaga-Luttinger liquid

QMS Quadrupole mass spectrometer

UHV Ultra-high vacuum (pressure < 1× 10−9 mbar)

GMFA Generalized mean-field approximation

PES Potential energy surface
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a Width of square-well potential

b Ground state width of harmonic potential

a∗0 Effective Bohr radius

a0 Surface lattice constant

ac Low-k plasmon normalization constant

ax , ay Surface lattice vectors

χ0 Electron gas polarizability

dz Step height of surface

E Energy

EF Fermi energy

ε Relative permittivity of the surrounding medium, to be multiplied with ε0

fn Structure factor of atom f
~G‖ Reciprocal surface lattice vector

Gcorr(k) Local field correction factor

gs Spin degeneracy factor
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hn, h Height factor (multiplies with dz)

I Intensity

ℑ Imaginary part

k Wave vector
~K , ~K‖ Scattering vector, its part parallel to the surface
~kf, ~k‖,f Final wave vector, its part parallel to the surface

kF Fermi wave vector
~ki, ~k‖,i Incoming wave vector, its part parallel to the surface

λ Wavelength

m∗ Effective mass of electrons in a Fermi-fluid given in multiples of me

n Electron density (if not index)

ω Angular frequency (= E/ħh)

ω± Upper and lower boundary of the electron-hole pair continuum

Φ, Ψ Electron wave functions

~rn Position of atom n in lattice

r∗s Dimensionless electron density parameter

ℜ Real part of an imaginary number

ρ Charge density distribution

S Scattering phase

Vc Coulomb interaction matrix element

vF Fermi velocity

Constants1

c Speed of light = 299792 458m s−1

e Elementary charge = 1.602176 6208(98)× 10−19 C

ε0 Electric constant = 8.854187 817× 10−12 F/m= 1/(µ0c2)

h Planck constant = 6.626070 040(81)× 10−34 Js

= 4.135667 662(25)× 10−15 eVs

ħh Reduced Planck constant = h/2π

me Electron mass = 9.109383 56(11)× 10−31 kg

u Atomic mass constant = 1.660539 040(20)× 10−27 kg

1The listed constants have been taken from the wikipedia, https://en.wikipedia.org/wiki/Physical_constant
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Part I:

Introduction and Fundamentals





Chapter 1
Motivation and Introduction

A tomic wires are one of the most elegant playgrounds to address many fundamental phenomeno-

logical questions. From a fundamental viewpoint, 1D electron systems are important since they

constitute one of the simplest many-body systems of interacting fermions with fundamentally different

properties than their 2D and 3D counterparts. It is noteworthy that most of their unique properties

are due to their reduced size and dimensionality, as well as to the concomitant high electronic cor-

relations. [1] The latter can be rationalized at the classical level for 1D electronic systems when two

electrons approach each other with opposite velocity in a one-dimensional line and can not avoid each

other, contrary to higher-dimensional systems where electrons have a higher degree of freedom. The

reduction of dimension in metallic systems down to quasi-one-dimensional wires reveals a strikingly

rich variability of electronic behavior such as quantization of conductance, extremes of electronic corre-

lation manifested by charge quantization [2], Wigner crystallization [3], charge and spin density waves,

triplet conductivity, etc. [4–6] As proposed by R. Peierls, the enhanced electron-phonon interaction in

atomic wires triggers the formation of a charge density wave (CDW) due to periodic lattice distortion

(PLD), resulting in an electronic gap opening and insulating ground state at T = 0 K. [7] Contrary to

higher dimensions, the low energy properties of strongly interacting 1D metallic systems can no longer

be described by Landau’s Fermi liquid theory. [8, 9] Instead, the gapless interacting 1D systems at low

energies show Tomonaga-Luttinger liquid (TLL) behavior [10], which is given within a bosonic refor-

mulation of the single-particle spectrum. [6,11]

1.1. General Remarks on Atomic Wires

A Zest of Atomic Wires on Si surfaces — As a bottom-up approach, one of the essential goals of

fabricating nanostructures by self-assembly is the creation of new materials with tailored electronic and
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structural properties. In fact, using an appropriate substrate, the metallic nanostructures and the elec-

tronic distribution can be confined to width comparable to their Fermi wavelength (λF ), such as in the

atomic wires. The 1D character is an essential ingredient in the electronic properties of such systems that

have been subject to many fundamental studies. [12–15] Indeed, with their practical accessibility, inves-

tigating several peculiar fundamental properties for low-dimensional systems became feasible. [16–20]

However, their detailed electronic properties are still under intense discussion. The electronic struc-

ture of one-dimensional metallic chains was predicted to have a free-electron-like character. This was

also supported by parabolic band dispersion observed in photoemission spectroscopy. [12, 21] In sev-

eral pioneering works, Au atoms were considered rigidly locked to the Si substrate, but electrons near

the Fermi level are completely decoupled from the substrate because they lie in the bulk silicon band

gap. [12,22,23] However, subsequent improvement in understanding atomic wire systems showed that

the strong interaction between the Au chains and the embedding environment is inevitable because Au

and Si atoms are strongly hybridized. [24–27] Generally, two approaches can be put forward to de-

scribe metallic wires on semiconductor surfaces: a) doping of semiconductor surface states with metal

atoms, b) downscaling of the metallicity of pure metals upon embedding them into the semiconductor

surface. Obviously, in both cases, the resulting metallicity is modified due to the interaction of those

electronic states. This raises the question: how much of the one-dimensionality is practically preserved

after such modification? The present thesis discusses this question in more detail by means of plasmon

spectroscopy and atomistic DFT calculations. New insights into the topic have opened up a new field

for the tunability of the wire properties over the chemical modification of the Si environment.

One of the main remaining questions in this topic is the electronic and structural correlation. This

essentially comprises temperature-induced phase transition, spin-charge separation, electron-phonon

interaction, single-particle and collective electronic excitation. [28–31] In addition, adsorbate-induced

charge doping and localization have been shown as relevant parameters in this context. [32–36] Re-

cently, numerous fundamental questions regarding their variety of inherent instabilities associated with

the chemical interaction between these wires of ultimate smallness and the embedded environment

have been addressed. [12, 14, 15] In addition to all fundamental aspects mentioned above, extensive

studies showed that they have potential applications in atomic-scale devices. [25,37,38]

Plasmons in Atomic Wires — Plasmons are collective excitations of an electron gas in a partially

filled topmost electronic band that exists in all dimensions. [39–41] Electronic excitations and in partic-

ular plasmonic excitations have been studied for about half a century, mostly as an in-plane wave on the

metallic surfaces and/or interfaces. [42–47] Moreover, in the last decade, with the development of the

anisotropic metallic chain growth on a semiconductor surface, a low-dimensional plasmonic excitation

associated with atomic and nano-scale wires became more prominent. [23,48–51] Especially interesting

are the plasmons of ultrathin metallic sheets or wires with a few atoms in diameter, forming 2D sheet

plasmons or 1D wire plasmons [48–51], which have inherent attractive properties: a flat dispersion,

which starts at zero energy for large wavelengths. Thus, much shorter wavelengths (λP L <10 nm) can
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be achieved compared with the standard volume and 3D edge plasmons, called surface plasmons, allow-

ing for better localization, as demonstrated, e.g., in graphene nanostructures. [52] Plasmonic excitation

in atomic Au wires is particularly interesting due to its almost linear E ∼ k dispersion relation. In 1D

wire plasmons with their already built-in directionality of energy transport, the dispersion, according to

theory, is intrinsically quasi-linear since it starts at long wavelengths as E ∼ k||lnk||. [53] Moreover, an

established methodology improved the usefulness of plasmon spectroscopy to probe confinement and

correlation in atomic-scale objects. The latter is not limited to just collective excitation states but can

easily be extended to study the electronic band structure as well as the interaction between different

surface states and their cross-coupling with structural parameters. [27,31]

Most of the time, the almost linear dispersion of atomic wire plasmons is confused with acoustic

surface plasmons (ASP) despite the fundamental differences in charge distribution, confinement, and

screening that need to be clarified before such comparison. Plasmonic excitation associated with 2D

metallic surface states found on Au, Cu, and Be sheets has been subject to several studies revealing

ASP with almost linear dispersion. [54–58]. It should be noted that the mentioned surfaces possess

Shockley surface states that cross the Fermi level. Fundamentally, the formation of an ASP requires the

interaction of a 1D or 2D electron gas with another metallic system so that interaction and screening

lead to the linearization of the plasmon dispersion. [44, 47] However, in the case of metallic chains

on a semiconductor surface, the band alignment is such that there is no overlap between the partially

filled metallic surface states and the Si bulk states. In addition, no temperature dependence of plasmon

dispersion of atomic wires was found. Thus, none of the preconditions for the formation of an ASP

are fulfilled. Also, in the quasi-1D case, the leading term of dispersion is already linear in k (which

is
p

2 in an isotropic 2D), starting from zero in the long wavelength limit (k = 2πλ−1 → 0). [39]

Another reason for linearization of quasi-2D plasmon dispersion at long wavelength has been discussed

considering plasmon-phonon interaction. This effect originates from the Kohn anomaly [59], which

underlines the δω(k)/δ(k)k=2kF
=∞ phonon mode on 2D ordinary metals due to the strong electron-

phonon interactions. [60] Two kinds of plasmonic excitations associated with atomic wires, standing and

propagating, are schematically described in Fig. 1.1. Due to its longitudinal nature, the direct excitation

of the former requires the use of charged particles such as electrons, to transfer sufficient momentum.

Such plasmon excitation appears in energy loss spectra with defined energy dispersion as a function

of momentum transfer. [61] The latter appears in IR-absorption spectra with wave number related to

longitudinal as well as lateral charge confinement. [40] Both plasmon modes are mostly characterized

by limited lifetime due to second kind scattering events in the lattice (e.g., interaction with phonons,

impurities and/or local distortions).

Beside their fundamental wealth, low-D plasmons have potential applications in sensing, energy har-

vesting, optoelectronics etc., technology. For example, they can be used for guiding electromagnetic

waves in integrated optical circuits and interfacing with electronic components. [62] Also, their con-

stant group velocity and unchanged wave packet enable nanophotonic waveguides for simultaneously
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achieving high-speed and low-loss data transmission and/or transfer. In addition, the coupling of light

frequency to plasmon enables the concentration of optical fields to dimensions well below the optical

wavelength. [63]

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

Figure 1.1: Illustration of a Au-decorated Si surface hosting two different plasmonic excitations. (a)
demonstrates the momentum transfer and the resulting in-plane plasmon propagation
mode. (b) illustrates plasmon standing waves excitation in a finite section of atomic chains
via ’s’ polarized light. Green, yellow and white balls correspond to Si-HC chains, Au atoms
and other Si atoms, respectively. Magenta, blue, red and green arrows stand for the incident,
specular, inelastic scattering and momentum transfer parallel to Au chains, respectively.

The Concept of Tunability — As described above, the interaction between the atomic chains and the

embedding environment profoundly affects the resulting surface properties. These manifold interac-

tions allow for controlled modification of electronic and structural properties of ultimate atomic wires.

In the first place, appropriate templates such as the vicinal Si surfaces serve a higher degree of freedom

to tune the wire geometries and fundamental properties. [64] In this case, the number of atomic chains

per terrace, local structural motifs, and interchain couplings is defined by the macroscopic relief of the

template (i.e., see Table. 4.1). [65] Also, the resulting surface is often reconstructed in such a way that

different atomic groups are arranged in atomically ordered superstructures to further minimize surface

energy. The presence of various structural motifs, on the other hand, determines the geometry, geome-

try, mechanism, and nature of further bond formation on the surface and deliver more possibilities for

fine-tuning. Thus, using different adsorbates, which also show site-specific adsorption, the properties

of established systems can be tuned. Interestingly, such modification works almost as proximity, while

the additional adsorbates mainly modify the surrounding of embedded metallic chains. Moreover, the

strong interrelation of electronic and structural parameters enables tuning of one over another. Such

fine-tuning of atomic chains over physical and chemical interactions is one of the main objectives of the

present thesis and will be comprehensively discussed in Part II and Part III.
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1.2. Focus of This Thesis

The eventual rational of the present work is to understand the interactions between wires of ultimate

smallness and the surrounding environment. In this regard, the response of atomic wires to external

perturbation and intrinsic charge redistribution has been carefully studied. Primarily plasmonic excita-

tions associated with single and double Au strands will be discussed and compared with the theoretical

models that have been developed in parallel to the experiments. For a comprehensive understand-

ing of surface structures and electronic properties, the effect of Au coverage, local surface structures,

preparation conditions, etc., are systematically analyzed.

One of the central tasks of this thesis is to learn about the modification of atomic wires by selective

chemisorption. Hydrogen and oxygen adsorption on Si(557)-Au, Si(553)-Au, Si(775)-Au surfaces have

been extensively investigated as examples in this regard. Such selective chemisorption also shows site

selectivity due to different adsorption energy at specific Si atoms (i.e., Si-adatoms, restatoms, step

edges). The experimental results are comprehensively compared with atomistic DFT calculations to

extend insights on atomic-level interactions between adsorbate and surface atoms.

In addition to the Au atomic chains on stepped Si surfaces, Au wires on a 1◦ miscut (almost flat) Si

surface have also been studied. In fact, this is the first comprehensive study of plasmonic excitation

on the Si(111)-(5×2)-Au surface. Moreover, plasmons on this surface will be evaluated as a function

of Au coverage. In this regard, single and multi-domain 5×2 superstructures on flat Si(111) are com-

pared structurally and electronically. Using the developed methodology, the electronic band structure,

in particular the unoccupied part of the metallic atomic chains, was extensively investigated by plasmon

spectroscopy. Moreover, for the first time, the changes in electronic states following the chemical modi-

fication of the embedding environment were studied in detail using this advanced approach. The results

obtained underline the interaction of the Au-induced and Si surface states, and, therefore, modification

of one-dimensional metallicity in these systems.

After substantially addressing the hybridization between the metallic and Si surface bands, one of the

remaining questions is the contribution of each surface state to the overall surface conductivity. This

question has carefully been addressed using the combination of plasmon spectroscopy and atomistic

DFT. Although the plasmon spectroscopy can not separately map electronic states of individual structural

motifs, their different interaction mechanism with oxygen and hydrogen could beneficially be used to

distinguish the underlying interaction with metallic bands. Such a procedure was successfully applied

for the Si(557)-Au surface. As mentioned above, the correlation of structural and electronic properties is

an essential ingredient of atomic wires. Such strong cross-coupling was realized after charge doping to

the Si(553)-Au system. Further studies are envisaged in order to clarify the role of the silicon substrate

and its interaction with the gold chains in this system.
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Chapter 2
Theoretical Background

T his chapter gives a detailed overview of the theoretical concept of 1D metallic chains and their

electronic characteristics. The possible reasons and implications of crossover to higher dimensions

will be addressed on the basis of the theoretical models available, such as the nearly free electron gas

(NFEG) model. Collective electronic excitations and their theoretical treatment will be given for low-

dimensional metallic systems, particularly for quasi-1D metals. An interplay between structural and

electronic parameters will be discussed at the end of this chapter. The latter will be applied to describe

relevant experimental and theoretical findings in the next chapters.

2.1. Low-Dimensional Electron Gas: Perturbation and Response

One of the key aspects of the low-dimensional electron gas is its response to external perturbations.

Within the framework of linear response theory, the response of an electron gas to an external time-

independent potential is described via static susceptibility function or Lindhard response function as

follows:

χ(~q) =
1
V

∑

k

f (Ek)− f (Ek+q)

Ek − Ek+q
(2.1)

where Ek is the energy of electronic state of momentum k, f (Ek) is the Fermi-Dirac distribution

function, q is the charge density wave (CDW), k and V are the state and volume of the system.

The k dependence of the Lindhard function for a 1D free electron gas together with 2D and 3D cases

is illustrated in Fig. 2.1(a). In contrast to the 2D and 3D cases, the response function logarithmically

diverges in 1D at the Fermi wave vector (kF ). [67] This peculiar singularity originates from the specific
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Figure 2.1: Static dielectric susceptibility or Lindhard function for different dimensions (a) and pro-
jection of the Fermi surfaces for metals in different dimensions with corresponding nesting
conditions (b). isotropic-2D (or just 2D), quasi-1D, and ideal 1D metallic systems, from left
to right. The square background stands for the Brillouin zone of a rectangular crystal lattice,
which is overlapped with the Fermi surface only in the 1D case. In graph (b), the arrows
stand for pairs of states (empty and full). Only for an ideal 1D surface, perfect nesting con-
dition is appropriate, which means that each kF point can be connected linearly. However, it
is replaced by many nonequivalent nesting vectors in higher dimensions with a poor connec-
tion between the Fermi vectors. (Please note that the projection of isotropic 2D (cylindrical)
and 3D (spherical) Fermi surfaces look the same, and also many nesting conditions can be
realized in these dimensions; therefore, only the 2D case is presented here). Adapted from
Ref. [66].

surface of 1D free electron gas. Following Eq. 2.1, a large χ(~q) requires a large numerator and a small

denominator. It worth to note that the sum in Eq. 2.1 gets a nonzero value when either Ek > EF > Ek+q

or Ek+q > EF > Ek is satisfied. [68] According to Eq. 2.1, the integral divergence is due to the pairs of

empty and full states, which have the same energy but differ by wave vector q = 2kF . Due to the fact

that in 2D and particularly in 3D such pair states are rare and therefore, no significant singularity at

q = 2kF is observable. [69] However, in 1D there are exactly two points at the Fermi contour, which are

always connected, and the Fermi surface is completely nested by q. Thus, the singularity of χ(~q) in a

1D electron gas corresponds to the periodic modulation of Fermi contours with a wave vector q|| = 2kF

along chains. In case the adjacent chains separated by distance b, this modulation appears with q⊥ =

π/b perpendicular to the chains (see Fig. 2.1). The scenario mentioned above implies that an external

perturbation (or external potential) causes a divergent charge redistribution in the 1D electronic system.

Within self-consistency, at T=0, the electron gas itself is unstable relative to the formation of periodic

spin and charge density waves. This periodicity corresponds to the Fermi wave vector as λ= π/kF .

The Fermi surface for ideal 1D metals consists of two parallel lines. However, in real quasi-1D metallic

systems, the Fermi surface deviates from the ideal 1D character due to interaction with its surroundings.

For example, in the case of strong 2D interaction between 1D wires, the Fermi surface tries to form

cylindrical or even spherical form depending on coupling strength. However, in a weak 2D coupling
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range wiggling of the Fermi surface occurs as illustrated in Fig. 2.1(b). Such wiggling of the Fermi

surface has been experimentally observed for all members of the Si(hhk)-Au family and will be discussed

in Section 6.1. Fermi surface and Brillouin zone overlap in ideal 1D metals contrary to 2D and 3D cases

in which these two have distinct form and size (or volume). Hence, some of the nesting conditions from

perfect 1D state can still be filled with the same vector.

2.1.1. Electronic and Structural Correlations

An important case of electron-lattice coupling in 1D metallic systems is the Peierls distortion. [70] A

Peierls distortion can generally be classified as a symmetry breaking transition which is physically dif-

ferent from a transition that lifts degeneracy, such as the Hohn-Teller effect. [71]. In this case, only

electrons with a wavelength commensurate with the lattice (k = π/a) feel the periodic potential, and

they form a standing wave pattern. According to Peierls, the uniform chain of a one-dimensional wire

is formally unstable against any doubling of the unit cell. [7] The reason is symmetry-lowering modu-

lation of nuclear positions and valence-charge density resulting in the opening of energy gap at or near

edge of the Fermi distribution. In strictly one-dimensional systems, such a gap opening is expected to

occur only at 0 K. The simplest example is that with one electron per atom (half-filled band). In that

case, the zone boundary is at ±π/2a, as shown in Fig.2.2.

Figure 2.2: Schematic representation of 1D atomic chain and Peierls type periodic lattice distortion
and/or CDW transition with corresponding energy dispersion relation. a) Undistorted one-
dimensional atomic chain-Metallic phase with equal charge density (ρr). This ground state
possesses half-filled band in reciprocal space with Fermi vectors kF separated by the nesting
vector q = 2kF . b) Peierls distorted 1D chain DW below TC due to the periodic modulation
by doubling the lattice constant 2a along the chain. This phase corresponds to insulator
state because of band-gap 2∆ (often regarded as Peierls gap) opening at 2kF = π/2a.
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In the standard treatment of the distortion of linear metallic chains by Peierls, the translational sym-

metry is subject to periodic displacements in chain direction. The mechanism driving such charge-

reordering instability involves a powerful connection between the vibrational modes of the lattice and

the electrons close to the Fermi level in 1D. The ground state of the Peierls chain is isolating; by increas-

ing temperature, some electrons are thermally excited to the upper band, the band gap declines, and

the system undergoes a second-order transition resulting in restoring of metallicity. Nevertheless, the

description just mentioned includes some significant gestures. First of all, this approach disregards en-

tropic fluctuations. In fact, thermal fluctuations always ruin long-range order within the 1D-boundary

and avoid phase transition. Therefore, the observation of a Peierls kind transition is much more feasible

for real materials in the presence of 2D (3D) inter-chain coupling. [72,73] Second, Peierls ’ hypothesis

totally ignores the electron-electron correlations in 1D systems. However, in real systems, the Peierls

transition may be taken over by other competing many-body ground states such as spin-density waves,

Luttinger liquid, superconducting phase, and so on.

2.2. Theoretical Concept of Plasmons

Plasmons are quasiparticle resulting from the quantization of plasma oscillations of the conductive elec-

trons (free electron gas density) with respect to the fixed positive background. In general, the plasmon

oscillation relies on the Coulomb interaction between charge carriers and their interaction with the pos-

itive ions. Thus, the perturbation of the free carriers by means of external particle generates excited

electrons, which are still bound to atoms with a simultaneously emerging Coulomb force tending to

re-establish the charge neutrality. Due to inertia, the excited electron exceeds its equilibrium position

resulting in plasma oscillation as schematically shown in Fig. 2.3. This excited state preserves its oscil-

lation unless it emits radiation, which can result from different processes such as inter-particle collision

and the interaction of collective and single-particle excitation states.

Figure 2.3: Schematic representation of the collective electronic excitation and associated field gener-
ated by the displacement of charges.

Plasmon has the following energy for approximation at long wavelengths in a standard quasi-free
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electron gas. [74]

EP = ħhωP = ħh

√

√ ne2

εε0m?
(2.2)

This is the so-called plasma energy. Here, n is the charge density, ε-the dielectric constant of media, ε0-

permittivity of vacuum, e-electron charge, m∗ is the effective electron mass, and ωP is the bulk plasma

frequency. Eq. 2.2 shows the fundamental relation between plasmon frequency and available charge

carrier 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 [75]. However, in the low-D

systems, other parameters such as confinement potential, electronic and structural correlation, the form

of electronic bands, etc., also come into play. On the other hand, m∗ can also be changed considering

a parabolic band structure and nonlinear dispersion at EF . Nevertheless, these small changes have no

substantial effect on whole plasmon dispersion and, therefore, have never been taken into account as a

flexible parameter in this simplified approach.
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Figure 2.4: Left: schematic representation for the 3D-volume plasmon, 2D-surface and sheet plasmon,
1D-wire plasmon. Right: plasmon dispersion in different dimensions. The green area in-
dicates the single-particle electron-hole continuum excitation regime in 1D with the corre-
sponding upper ω+ and lower ω− boundaries. Unlike 2D and 3D systems, which possess
only an upper boundary of the electron-hole continuum, 1D systems have the lower bound-
ary due to the existence of the low energy gap between 0 and ω−. This is due to severe
phase-space restrictions imposed by the energy-momentum conservation. The hatched area
represents the range of excitations in which the dielectric function is purely imaginary. After
Ref. [76].
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2.2.1. Plasmons in Nearly Free Electron Gas

Regarding the relation between particle response (or producing wave) and its position, the response

of electrons to a wave can be formulated in two ways: 1) The particle response is independent of its

position, which considers a well-ordered system. 2) The particle response or phase difference depends

on the particle position. Considering a random distribution of particles, the second approach averages

the response to zero. This approach is the so-called random phase approximation (RPA). [77] Within

the RPA, the elementary excitation spectrum of the 1D electronic system can be formulated in two ways

based on the strength of the tunneling between the adjacent quantum wires. Thus, in a strong tunneling

limit, the whole system is considered as a 2D patch of 1D wire arrays with a periodic modulation of

potential in the higher symmetry direction. If the modulation potential is small, however, it is regarded

as a perturbation. In the absence of inter-chain coupling, the electronic distribution of atomic wires

can be formulated as electrons free to move in one direction (i.e., x-direction) and strongly confined

in other directions (i.e., y and z). [78] The elementary excitation of the free electron density can be

described by the dynamical structure factor S(k,ω). S(k,ω) is related to dynamical dielectric function

ε(k,ω) via lm[ε(k,ω)−1]. Within the RPA, the dielectric function is given by:

ε(k,ω) = 1− Vc(k)χ0(k,ω), (2.3)

where Vc(k) is the Coulomb interaction, χ0 is the noninteracting dynamical polarizability. χ0(k,ω) is

so called the Lindhard function or polarizability function of the 1D electron gas. It is well known that

the polarizability function of a noninteracting 1D electron gas is logarithmically divergent at k = 2kF ,

where kF is the 1D Fermi wave vector. [53] This is a simple consequence of the perfect nesting of the

Fermi surface in 1D and is related to the well known Peierls instability (see Section 2.1). This 2kF

singularity will be softened by thermal and other broadening mechanisms in a real system. Following

Refs. [79,80], the condition for the existence of a plasmon is defined by the real part (ℜ) of the dielectric

constant as:

ℜ[ε(k,ω)] = 0, (2.4)

Therefore, the plasmon dispersion and its lifetime or damping are given by the zeros of the complex

dielectric function via

ε(k,ω) = 1− Vc(k)χ0(k,ω) = 0 (2.5)

Unlike its higher-dimensional counterparts, the electron density in 1D systems is strictly confined in

the transverse plane (i.e., y and z) while its motion is free along the wire (or x) axis. Assuming that

the transverse motion is confined by a 2D potential Vc(y, z), which is infinite in x axis and restricts the

electron distribution to the lowest sub-band. Then the one-electron wave function can be written as:
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Ψ(x , y, z) =
eikx

p
L
φ(y, z) (2.6)

Here, L stands for the macroscopic wire length of a cylindrical symmetric chain (along the x-axis) and

φ(y, z) is the transverse part of the total wave function indicating quantization in the y and z plane.

However, using a more realistic finite-width (sufficiently long) 1D chain model, the Fourier transformed

Coulomb interaction is expressed by the following equation:

Vc(k) =
e2

ε0

∫ ∞

−∞
d(x − x ′)elk(x−x ′) ×

∫ ∫

d(y, z)d(y ′, z′)
|φ(x , y)|2φ(y ′, z′)

p

(x − x ′)2 + (|y, z − y ′, z′)2
(2.7)

The actual form of the plasmon dispersion is dependent on the used confinement mode. The following

confinement models have been employed in the literature. [81]

I. Harmonic confinement in the y − z plane for a 1D wire with a cross section of b. Considering the

transverse wave function as a Gaussian

φ(R) =
1

p
2πb2

ex p

�

−
y2 + z2

4b2

�

, (2.8)

The electron-electron potential in Eq. 2.7 can be solved for Vc(k) as:

Vc(k) =
e2

ε0
ex p

�

k2 b2)E1(k
2 b2

�

, (2.9)

where E1(x) ∼
∫∞

z
e−x

x d x is the exponential-integral. The asymptotic behavior of Eq. 2.9 in short

and long wavelength limit is given via the following relation:

Vc(k)∼

¨

−lnk k→ 0

1/k2 k→∞
(2.10)

Thus, at large distances, the inter-particle potential is that due to point charges, while at small

distances, it is that of parallel planar charge distributions.

II. Infinite square-well confinement in the y − z direction with the square-well width a.

Vc(k) =
2e2

ε0

∫ a

0

d y

∫ a

0

d y ′
∫ a

0

dz

∫ a

0

dz′|φ(y, z)|2 × |φ(y ′, z′)|2K0(kR), (2.11)

Here, K0 is the zeroth-order modified Bessel function of the second kind, ε0 is the background

lattice dielectric constant. R =
p

(y − y ′)2 + (z − z′)2.
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φ(y, z) = (
2
a
)sin(

πy
a
)sin(

πz
a
), (2.12)

III. Infinite square-well confinement in the y-axis:

φ(y, z) =

√

√2
a

sin
�πy

a

�

ζ(z) (2.13)

Here, a is the width of the 1D wire along the y axis. ζ(z) is the optimized wave function in the

z-direction, which is given by the Stern-Howard [82] variational wave function as following:

ζ(z) =

√

√β3

2
zexp

�

−
βz
2

�

(2.14)

Here, β is a variational parameter and takes into account average wire width in z direction, through

β = 3/〈z0〉.

IV. Harmonic confinement in the y direction and
p

δ(z) wave function in the z direction. In this case

the Vc(k) gets the following form:

Vc(k) =
e2

ε0
exp

�

kb
2

�2

K0

�

kb
2

�2

. (2.15)

where the harmonic confinement in the y direction is defined as following:

φ(y) =
1

4p2πb2
exp

�

−
y2

4b2

�

(2.16)

V. Infinite square-well potential in the y-axis and
p

δ(z) wave function in the z-axis. [83]

Vc(k) =
8e2

ε0a2

∫ a

0

d y

∫ a

0

d y ′sin2
�πy

a

�

× sin2
�πy

a

�

K0(k|y − y ′|). (2.17)

φ(y) =

√

√2
a

sin
�πy

a

�

(2.18)

Using the above mentioned 1D confinement models, the dependence of the Vc(k) on the wavenumber

has been calculated in Ref. [81] for b = 0.4 nm and coupling parameter r∗s = 0.35. One of the most

widely used description of the electronic properties of metallic systems is by the dielectric response

function χ(k,ω). The dielectric response function describes the response of electrons to a weak space-

time dependent external longitudinal electric potential. The two most significant features of the 1D
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dynamical response are: i) the linear (with small logarithmic corrections, depending on the details of

the confinement potential) wave vector dispersion of the long wavelength collective charge density exci-

tation plasmon mode, ii) the total suppression of the electron-hole single-particle excitation continuum

at low energy (which arises from the severe 1D phase restriction, due to energy-momentum conserva-

tion). The 1D plasmon exhausts the f -sum rule up to the second-order in k/kF . Therefore, the 1D RPA

plasmon dispersion is exact not only in the long wavelength limit (as it is trivially in all dimensions)

but up to large values of the wave vector (k/kF ∼ 1). This has earlier been pointed out in the literature

in a somewhat different context. The present detailed RPA treatment of the 1D dynamical response is

thus of considerable quantitative validity, as the RPA appears to be a more accurate approximation in

1D than in 2D and 3D systems. This adaptation of the STLS model, which was originally developed for

3D systems by Singwi, Tosi, Land, Sjölander [84] has been employed for 1D electronic systems in litera-

ture. [85] Importantly, the electron correlation effect, which is highly essential for 1D systems, can also

be considered in the STLS formalism. [84] Although its exact solution is not possible due to many-body

effects, χ(k,ω) can still be calculated within the framework of linear response theory by employing the

generalized mean-field approximation. [81,86] In this case, the response of electron density to a weak

space-time dependent external longitudinal electric potential is given by the density response function,

which is also called the Lindhard function:

χ(k,ω) =
χ0(k,ω)

1− Vc(k)[1− G(k)]χ0(k,ω)
, (2.19)

Here, χ0(k,ω) is the zero temperature free electron density response function, which is given in the

following form:

χ0(k,ω) =
m∗gs

2πk
ln

�

ω2 − (kkF/m
∗ − k2/2m∗)2

ω2 + (kkF/m∗ + k2/2m∗)2

�

, (2.20)

Here, G(k) is the local-field correction (LFC) factor that describes the modification of Vc(k) due to

exchange-correlation effects. gs is the spin-degeneracy factor. It can get either 1 or 2 depending on

how many spin component is present in each of the two spin-orbit split bands. kF is the 1D Fermi wave

vector defined via kF = πn/gs. Within this approach G(k) is given by the following equation by taking

into account the static structure factor S(k) [87]:

G(k) = −
1
n

∫ ∞

−∞

dk′

2π
k′V (k′)
kVc(k)

[S(|k− k′|)− 1]. (2.21)

Consecutively, S(k) is determined by using the density response function (Eq. 2.19) through the

fluctuation-dissipation theorem. [88]

S(k) = −
1
πn

∫ ∞

0

Im χ(k,ω) dω. (2.22)
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Here, n = N/L is the electron density. Now the plasmon dispersion can be described by solving the

pole of Eq. 2.19.

Recently the true potential of plasmon spectroscopy as a tool for the analysis of 1D systems has been

demonstrated. [27,31] In this context, the investigation of the collective excitations of low-dimensional

electron gases on the scale of a few nanometers becomes partially feasible. The analysis of 1D plasmonic

quasi-linear dispersion, measured for example, for regular arrays of atomic wires on insulating and

semiconductor substrates, yields information about the form of the occupied as well as the unoccupied

band structure in the vicinity of the Fermi level. Without any damping (i.e., when α = 0), we find the

dispersion relation for an undamped quantum wire plasmon at T = 0 as:

ωp(k) =

√

√ω2
+eA(k) −ω2

−

eA(k) − 1
(2.23)

Here, ω+ andω− are the upper and lower boundary of the single electron-hole pair continuum. A(k)

is a function of the Coulomb matrix element vc(k). Notably, both parameters are related to the electronic

band structure and charge distribution as follows:

ω± =
ħh(k2/2± kkF )

m∗
, A(k) =

ħh22πk
m∗gsVc(k)

×
1

1− Gcorr(k)
(2.24)

In case gs = 1, the other band is considered to be an insulator and for gs = 2 either both bands are

degenerated or the band is not subject to spin-orbit splitting. In the latter case, the available electron

density is twice the previous one, and therefore the resulting plasmon dispersion also possesses a slightly

higher slope for gs = 2. For the present calculations, the local field correction factor Gcorr(k) has been

derived from self-consistent mean-field approximation (STLS), which considers long-range electronic

correlations. [84] The input wire parameters are as following: m* = 0.52me, kF = 4.1 nm−1, ε̄ = (εSi

+ 1)/2 with εSi = 11.5, b = 0.4 nm, and gs = 2 or 1. These parameters are taken for the single atomic

Au chain superstructure on the Si(557) surface, and no other coupling than inter-chain interaction was

considered. The results of this calculation are given in Fig. 2.5(b). According to the results, the plasmon

frequency shows a strong dependence on the structure of the 1D band (i.e., gs, m*), and on the form

and type of confinement potential. One should note that the best match between experimental and

theoretical results was obtained for gs = 1, where gs = 2 matches the experimental dispersion only in

the low k region. The dependence of plasmon frequency on the effective electron-density parameter r∗s
is shown in Fig. 2.5(a). r∗s is related to the electron density n and the effective mass m∗ in 1D via the

following relation:

r∗s =
1

2na∗0
=

1
2n
×

m∗e2

4πε̄ε0}h2 (2.25)

Here, the second term accounts the effective Bohr radius given by a∗0 = ε(m0/m
∗)aB with aB =

0.0529 nm. The relation mentioned above implies that the increase of coupling in the 1D electronic
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Figure 2.5: Effect of the coupling parameter r∗s (left) and confinement model (right) on the 1D-plasmon
dispersion. The solid and dashed lines represent the dispersions calculated using the STLS
and RPA theories, respectively. In the left graph, the shaded area corresponds to the electron-
hole pair continuum for this particular system derived for r∗s = 3. The upper and lower
boundaries for the SPE zone is given by the dotted and dashed-dotted line, respectively. In
the right graph, the black, blue, green and red curves correspond to the confinement models
I, II, IV and V, respectively. Adapted from Ref. [81] with permission. Copyright 2010 by IOP
Publishing.

system results in a blueshift of plasmon frequency. In other words, the same electron density can now

be excited with comparably less energy (see Fig. 2.5(a)). Moreover, in the strong coupling regime (i.e.,

r∗s = 3), the plasmon dispersion deviates from linearity, mainly at low k (see also Fig. 2.6). However,

plasmon dispersion shows a weak response to the change of b within the harmonic confinement model.

This has been tested from b = 0.4 nm (width of the single atomic wire) up to b = 1.9 nm (the terrace

width or the maximum width of the electronic distribution for this system), revealing a weak blueshift of

plasmon frequency at small b due to increased confinement. This blueshift becomes more pronounced

by decreasing b/r∗s (which accounts for the effective electronic distribution) in RPA. This is because

the e-correlations, which are ignored completely in RPA, build up with decreasing b/r∗s and reduce the

plasmon frequency in the STLS model. In turn, the latter compensates for the confinement-induced

blueshift. This also explains the weak dependence of plasmon frequency on the confinement in the

STLS model while the exchange-correlation effects grow in strength with increasing r∗s in compared

RPA (see Fig. 2.5). Moreover, at fixed kF the plasmon dispersion reveals higher frequency for RPA in

comparison with STLS revealing the essence of e-e correlation. Thus, the plasmon frequency shows

a redshift as the effective electron-electron interaction becomes weaker due to decreased transverse

confinement. Therefore, transverse confinement is an important parameter for the description of 1D
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electron systems. Moreover, the effect of exchange-correlation on plasmon dispersion and, therefore,

the difference between plasmon dispersion from RPA and STLS increases as a function of momentum.

In a similar way, the exchange-correlation shows a stronger effect for the case of gs = 1 than gs =

2. Using the parameters mentioned above, the m∗ was fitted to m∗ = 0.52me, which is comparable

to the m∗ = 0.45me from experimental ARPES. [89] The slight discrepancy between calculated and

ARPES effective mass might be due to the experimental uncertainty and contribution of e-e correlation

in theoretical determination.

The plasmon-pole approximation assumes that the excitation spectrum consists of no particle-hole

excitations but solely of a collective mode, which exists for all values of wave vectors and possesses unit

oscillator strength. In fact, the one-dimensional phase-space restriction of the particle-hole excitations

increases the spectral weight of the plasmon excitation over a wide range of wave vectors. Therefore,

the plasmon-pole approximation works well in such 1D systems. For the support of this statement, the

oscillatory strength of plasmon excitation for 1D-quantum wire and 2D electronic systems have been

calculated by D. Sarma et al. [79] There, the authors showed that the oscillator strength of the plasmons

in a quantum wire shows almost no k dependence, only a slight decrease was observed at large-k. On

the other hand, the oscillator strength of plasmons in a quantum-well (or in 2D electron gas) drops

rapidly to zero at a critical wave-vector.
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Figure 2.6: Plasmon dispersion curves obtained numerically for the single and laterally placed wires
within the harmonic (model IV) and square-well (model V) confinement. Regardless of
the choice of the confinement potential, by switching from single wire to array, plasmon
dispersion manifests a blueshift, mainly at lower k due to lateral interaction of adjacent
electron density. For modeling, 13 wires, 6 left and 6 right from the central wire were
employed.
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2.2.2. Plasmons in 1D Wire Arrays

In fact, the growth of a single isolated atomic (quantum) wire is not possible in experiments where it

ends up with lateral arrays of 1D chains. Notably, their lateral interaction can be reduced by changing

the step periodicity of the substrate but it can never be fully neglected. Therefore, to have a more realistic

match between the theoretical and experimental plasmon dispersion, one should consider the lateral

interaction (coupling) of those wires. This additional potential is again formulated in the framework of

the self-consistent LFC theory (or STLS). [90]

V eff
c (k) = Vc(k) + V array

c (k) (2.26)

Here, the first term accounts for intra-wire potential, while the second term considers the additional

potential applied by inter-wire interaction. This additional Coulomb interaction can be described by the

following integral [53]:

Vc(k)
array =

e2

ε̄ε0

∫ a

0

d y

∫ a

0

d y ′
∫ a

0

dz

∫ a

0

dz′|φarray(y, z)|2 × |φ(y ′, z′)|2K0(kR). (2.27)

The relation mentioned above takes into account the interaction between electron density in the

central wire φ(y, z) with the adjacent electron density φarra y(y ′, z′). Where the electron density of the

surrounding wire arrays is given with the following relation:

φarray(y, z) =
∑

l 6=0

φ(y − ld, z) (2.28)

Similar to the plasmon in an isolated wire (Eq. 2.3), the plasmon dispersion for 2D wire arrays is also

given by the zeros of dielectric function in the low k region. [53]

ε(k,ω) = 1−χ0

∑

l ′
Vl−l ′(k)e

ik(l−l ′)d = 0 (2.29)

This mode assumes the following form in the low k regime.

ω(k) = ħhω0ka×

√

√

√

K0(ka) + 2
n
∑

l=1

K0(kld) (2.30)

where d is the wire separation, a is the width of each wire in y direction. ω0 is a system-specific

constant, which considers the bulk plasmon frequency and is given as:

ω0 =
e

2a

√

√ 2n
πεε0m∗

. (2.31)

In the strong 2D interaction case, Eq. 2.30 yields plasmon dispersion identical to the plasmon dis-
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persion of 2D metallic system with the form of k1/2 at k → 0. However, switching off the coupling by

increasing d/a, plasmon dispersion shows a linear 1D behavior starting from k = 0. This underlines the

strong dependence of the 1D plasmon dispersion on the wire dimension or electronic distribution. [53]

Using the methodology mentioned above, the effect of lateral interaction of wire arrays has been nu-

merically obtained and is shown in Fig. 2.6. For this, the above-mentioned wire parameters and IV and

V type confinement models have been employed.

From these results, the plasmon dispersion shows a blueshift when switching from a single wire to a

wire array. This is because the additional electron density increases the lateral interaction and therefore

increases the 2D character of the plasmon dispersion. It is a common feature on all measured dispersion

for atomic wire plasmon. [31] The results show a strong response of plasmon dispersion to the form of

confinement potential mainly at low k. Besides, as discussed above, the plasmon dispersion calculated

for the harmonic confinement yields lower energy slope compared to the square-well potential (see

Fig. 2.6). Consequently, the harmonic confinement yields a more reasonable match to the experimental

plasmon dispersion measured for the Si(557)-Au system. [81]

2.2.3. Plasmon Life-Time and Damping

Since Eq. 2.23 implies that ωP is greater than ω+, the RPA plasmon dispersion does not decay to

electron-hole pairs for all k points. Accordingly, the imaginary part of the dielectric function vanishes,

ε(k,ω) = 0. This situation is very different from higher dimensions where ω+ becomes larger than ωP

at a critical wave vector, kc ≈ωP/vF . Thus, if k > kc , ε(k,ω) has a large imaginary part, since ωP pen-

etrates into the electron-hole continuum and damps according to Landau damping mechanism. [91]

Inside the Landau damping region, the plasmon decays by emitting electron-hole pairs, which is al-

lowed by energy-momentum conservation. This damping rate can be determined at small k by taking

Im[ε(k,ω)] = ω(k)− iα(k) in Eq. 2.3. Another decay channel of the plasmon oscillation is due to im-

purity scattering. The critical wave vector, kc , below which the plasmon does not exist due to impurity

scattering effects, depends on the density of scatterers and the scattering rate. Thus, the inclusion of

impurity scattering (γ) causes collisional damping of the plasmon mode resulting in further spectral

broadening in addition to the Landau damping.

It is worth noting that the STLS approach (RPA) does not account for the damping of plasmons for

k < kc . This is due to the structure factor, which relies on the absorption of a photon with energyω and

momentum k. Without any interaction, the absorbed energy gives rise to electron-hole pair formation.

The energy of these pairs lies within the interval of ω− < ω < ω+ for k < 2kF . If ω is outside this

interval, the energy and momentum conservation laws cannot be satisfied, and the structure factor

vanishes. [92]

In the experiment, the collective participation of a large number of charges in plasmonic excitations

gives them an intense optical response. However, rapid damping via scattering among the charge car-

riers contributes to femtosecond lifetimes and broad resonances that have been experimentally mea-
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sured. [93, 94] In general, three following types of electron-involved interaction leading to plasmon

decay can be distinguished based on the interacting quasi-particles.

electron-electron scattering — Electron-electron scattering results in the simultaneous creation of an

electron-hole pair and leads to decay into bulk or surface states at lower energy. Electron-electron

interaction covers the creation or excitation of other quasi-particles such as plasmons and exciton. The

nature of such quasi-particles can be manipulated by changing the wave vector and the primary energy

of the impinging electrons. This is the main mechanism for plasmonic excitation that has been studied

in this thesis.

electron-phonon scattering — Electron-phonon scattering mainly refers to the interaction between

excited electrons (such as plasmons) and lattice vibrations, and changes the electron wave vector. The

energy loss during this process is rather small compared to the previous example. As a result, the most

probable decay happens within the surface state bands. It is noteworthy that owing to their low energy,

phonon modes can easily be thermally excited. Therefore, electron (plasmon)-phonon interaction is a

feasible process at finite temperature.

electron-defect scattering — Since real surfaces contain a nonnegligible number of defects associated

with lattice distortion, adatoms, stacking faults, kinks, steps, impurities, etc., electron-defect scattering

is one of the most facing challenges in surface electron dynamics and other related processes. The

primary process here is the change of electron momentum by conserving the energy. This process is one

of the basic principles for the excitation of standing waves in a quantum wire with a photon. Since the

end states for shorter wires (or other kinds of defects) act as momentum sources, there is no additional

momentum required for plasmonic excitation in shorter wire sections.
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Chapter 3
Surface Studies with Low Energy Electrons

T he present chapter gives a comprehensive insight into the basic principle of low energy electron in-

teraction and scattering from the surface. The details of electron diffraction from flat and stepped

surfaces will be described. Moreover, scattering conditions and possible mechanisms of elastic and in-

elastic scattering of low-energy electrons will be discussed. The actual experimental setups, working

based on presented principles, will be presented in Chapter 4.

3.1. Low Energy Electron Diffraction

Due to the principles of wave-particle duality, the beam of electrons might be equally regarded as an

electron wave incident on the sample, which is scattered by regions of high localized electron density

(i.e., the surface atoms) and therefore can be utilized to probe atomic positions or generally surface

periodicity. After the discovery of electron diffraction by Davison and Germer in 1927 [95], it became a

useful tool for surface investigation with high sensitivity. Its adjustable high energy sensitivity enables

us to study vertical and horizontal roughnesses and defects (e.g., kinks, step bunching, etc.) of crystal

surfaces. Generally, the scattering cross section of low energy electrons (typically at 100 eV) is 4 to

6 orders of magnitude larger than x-rays, ensuring their usefulness for surface studies. The required

surface sensitivity is achieved because of the small mean free path of low energy (10 to 100 eV) electrons

within the solids of only a few Å (see Fig. 3.1). [96] For fixed energy, electrons are described by their de

Broglie wavelength as follows:

λel =

√

√ h2

2meE
=⇒ λel(Å) =

√

√ 150.4
E(eV )

(3.1)

Here, h, me and E is the Planck’s constant, electron mass, and primary electron energy, respectively.
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Figure 3.1: Compilation of the inelastic mean free path (IMFP) of electrons in the solid as a function of
the kinetic energy according to Ref. [96]. IMFP is material independent and can be described
by universal curve (red line), which exhibits a minimum at Ekin ≈ 30 eV.

In this energy range, the wavelength of electrons lies in the range of the inter-atomic distance; there-

fore, probing of the atomic arrangement at crystal surfaces becomes possible. In this method, structural

information is evaluated from the elastically scattered electrons. By evaluating the position and (in-

tegrated) intensity of the diffracted electrons, different kinds of information can be obtained from the

LEED pattern of the crystal surface. There are three specific methods to evaluate diffraction patterns,

such as Geometric LEED theory, Kinematic approach, and dynamic LEED theory. In the first two meth-

ods, only a single scattering event is considered, while the last one deals with the multiple scattering

case. Generally, the diffraction pattern represents the reciprocal lattice of the real space lattice formed

by taking the Fourier transform of the real space lattice vectors. In the 2D surface, the relationship

between reciprocal and real space (a,b) and the reciprocal lattice (a∗, b∗) vectors can be stated via the

following simplified form:

a∗ = 2π
b× n

a · (b× n)
b∗ = 2π

a× n
a · (b× n)

(3.2)

Eq. 3.2 is the so-called Laue conditions. If the wave vector of the incident electron is k0 = 2π/λ0 and

scattered wave vector is k = 2π/λ, the condition for constructive interference, and therefore diffraction

of scattered electrons from the 2D surface is given by the Laue condition.

~K|| = ~k||, f − ~k||,i = ~G|| = ha∗ + kb∗ (3.3)

where ~k||,i and ~k||, f is the incident and final scattering vector, G|| is the reciprocal lattice vector, and

h,k are integers. Since only the elastically scattered electrons are considered, the magnitude of wave

vectors remains unchanged (i.e., |~k0| = |~k|). The Laue condition can be visualized by using the Ewald
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sphere construction (an example is shown in Fig. 3.2). Thus, the wave vector ~k0 is drawn starting from

the center of the incident wave vector up to the intersection point ( ~G||) with the reciprocal lattice point.

And then, Ewald’s sphere is drawn with a radius of |~k0| and centered at the incident wave vector.

This way, at the intersection of a scattering vector parallel to the surface (~k||) and reciprocal lattice

vector ( ~G||), the Brag peak appears. Due to the limited penetration depth of low-energy electrons, no

diffraction perpendicular to the sample surface occurs. Therefore, the 2D surface mesh’s reciprocal

lattice appears as the Ewald’s-rods extending perpendicular to the surface in reciprocal space.

3.1.1. Kinematic Approximation

For a further simplification within the kinematic approximation, the individual structure factors f (~ri ,~k,~ki)

can be replaced by a single factor as f (~k,~ki) by assuming that the surface consists of identical unit cells

(see Fig. 3.2(c)). Thus, the determination of surface structure is simplified to a single scattering process

instead of multiple scattering events. Generally, the diffraction from a crystal surface can be described

as the sum of the final wave vectors of scattered electrons (~k f ) from surface atoms with ~rn spatial po-

sition in respect to the incident electrons (~ki). Then, the following relation gives the amplitude of the

resulting wave function.

φ(~K ,~ki) =
∑

n

fn(~K ,~ki)e
i ~K~rn (3.4)

Here, ~K = ~ki − ~k f and fn(~ri , ~K ,~ki) are the scattering vector and structure factor, respectively. The

structure factor refers to the electron waves scattered from atom locates at ~rn and all underlying atoms

at a deeper surface (see Fig. 3.2). Subsequently, the total intensity of the diffracted electrons is expressed

as follows:

I(~K ,~ki) = |φ(~K ,~ki)|2 =
∑

n,m

fn(~K ,~ki) f
∗
m(~K ,~ki)e

i ~K(~rn−~rm) (3.5)

Since within the kinematic approximation, all atoms are considered to be placed at perfect lattice

sites, the ~rn can further be written for all surface atoms as:

~rn = ~r(nx , ny) = ~ax nx + ~ay ny + ~azhn (3.6)

Here, n = (nx , nx) is the unit mesh, ~ax , ~ay stand for in-plane unit vectors while ~az is the unit vector

normal to the surface, with absolute value d, and height hn of the corresponding unit mesh, i.e., ~rn =

a0n + ~dzhn for square lattice with the lattice parameters a0 and rn. For considering the parallel and

perpendicular components of the wave vector, ~K can be separated into ~k|| and k⊥, and then Eq. 3.5 will

have the following form:
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I(~K ,~ki) =
∑

n,m

¬

f(n+m)(~K , ki) f ∗m(~K ,~ki) e
idk⊥(hn+m−hm)

¶

m
eia~k||n (3.7)

With the average structure factors as denoted by 〈...〉m. Eq. 3.7 implies that the actual intensity of diffrac-

tion depends on both the atomic arrangement and their scattering amplitudes. Since the scattering am-

plitude differs for atoms at the step edge and the flat part of the surface, the kinematic approximation

works better for smooth surfaces.

Figure 3.2: The surface unit cell and diffraction rods for (a) ideal atomically flat surface: spot profile
does not change as a function of vertical scattering vector k⊥, it is only subject to the in-
strumental broadening. (b) two-level superstructure: spot profile shows diffuse intensity
with a distinct shoulder at most energies. The diffraction spots are sharp at the in-phase
condition (S = n, where n is an integer), i.e., the 3D Bragg conditions. (c) a regular stepped
(vicinal) surface: spot profile shows a spot splitting due to the linear phase grid of steps.
The spots move in accordance with the inclination of the vicinal surface. [97] Determination
of the structure factor (f) from a stepped surface is shown in (c). As given with fu and fd ,
the structure factor deviates from its average value at the step edges. The fu and fd donate
different scattering amplitude resulting in modulation (or changes) of diffraction intensity.
The bottom row shows the corresponding Ewald sphere construction, together with seven
beams that have experienced back-scattering and resulting diffraction patterns. The green
lines in (d-f) show the macroscopic plane, while the blue line in (f) indicates the terrace
plane. As given in (d), an increase of the primary electron energy increases the radius of the
Ewald sphere and changes the orientation of the diffracted beams as exemplarily indicated
by ~k1 and ~k′1.
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The intensity (I) of diffracted electron waves (Eq. 3.7) can be split into G (lattice factor) and F (dy-

namic form factor) by neglecting the small deviation of the scattering amplitude at various structural

elements.

I(~K ,~ki) = F(~K ,~ki)× G(~k||, k⊥) (3.8)

where F(~K ,~ki) and G(~k||, k⊥) are given with the following equations:

F(K , ki) =
�

� f (K , ki)
�

�

2
(3.9)

G(~k||, k⊥) =
∑

n

¬

eidk⊥(hn+m−hm)
¶

m
eia~k||n (3.10)

Furthermore, considering that the form factor (G) is strongly dependent on the perpendicular com-

ponent of scattering vector as k⊥ ∝
p

E (E is the electron energy) but weakly on ~k||, the diffraction

intensity (Eq. 3.11) can further be simplified to:

I(~K ,~ki) = F(E)× G(~k||, k⊥) (3.11)

Here, the form factor F(E) describes the dynamic effects, and the shape of the spot profile can be

characterized by using only lattice factor G(~k||, k⊥) in the following equation:

G(k||, k⊥) =
∑

n

φ(n, k⊥) e
ia~k||n (3.12)

where φ(n, k⊥) stands for the Fourier transform of the phase correlation, and Eq. 3.12 describes the

line profile of diffraction spots. The phase correlation can be described using the pair correlation func-

tion C(n, h) as Eq. 3.13, which depicts the probability to find the next atom at a distance of na and a

vertical distance of dh (h is an integer) from the atom located at na = 0 and dh = 0. This is only valid

for structures with translational symmetry.

φ(n, k⊥) =
∞
∑

−∞
C(n, h) eik⊥dh (3.13)

C(n, h) =

2π/d
∫

0

dk⊥φ(n, k⊥) e
ik⊥dh (3.14)

According to Eq. 3.14, the comprehensive information about the surface morphology can be acquired

from the series of spot profiles from phase 0 to 2π/d. While structure factor F(E) yields information

about the scattering of single atoms, the lattice factor G(~k||, k⊥) is defined by the periodic lattice mesh
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and does not modify the integral intensity. However, the intensity distribution in reciprocal space is

highly responsive to the structural periodicity. Thus, the spot profile of ideal flat and defect-free surfaces

is subject to only instrumental broadening. The latter is commonly called an instrument factor. The pair

correlation function on such an ideal surface, coincides with the delta (δ) function as C(n, h) = δ(h),

and therefore the lattice factor G(~k||, k⊥) can also be given as the sum of delta functions as:

Gideal(~k||) =
∑

n

δ(~k||)−
2π
a

n (3.15)

However, in the case of dislocations or surface distortions, the intensity of sharp diffraction spots

deviates from the ideal δ function and is scattered as a broad distribution of diffuse intensity. [98,

99] This is visually shown in Fig. 3.2 by comparing the real space surface structure with the resulting

diffraction pattern.

As shown there, the ideal round diffraction spots (Fig. 3.2(a)) transform into a diffuse shoulder

(Fig. 3.2(b)) by changing the macroscopic surface morphology, from the atomic flat surface to the two-

level surface. Moreover, a spot splitting appears for the regularly stepped surfaces (Fig. 3.2(c)).

The latter describes the correlation between arranged (anisotropic) surface elements and/or long-

range ordering. Nevertheless, the overall intensity from the central and diffuse parts (i and j) for

an individual diffraction spot is always conserved and proportional to the number of surface unit cells

(Eq. 3.16). On the other hand, the overall intensity is independent of surface roughness (hn) and vertical

component of wave vector (k⊥). Therefore, it can be normalized to:
∫

BZ
= d~k||Gi j(~k||, k⊥) = 1 (3.16)

Here, the lattice factor Gi j(~k||, k⊥) corresponds to the Fourier transform of the atomic arrangement

of the surface. By considering constant form factor F(E) within the SBZ, the G(~k||, k⊥) can be extracted

from the measured diffraction intensity (I(k‖, k⊥) by normalization to total integrated intensity (Itotall)).

I(~k‖, k⊥)

Itotal
=

F(~k,~ki) · G(~k‖, k⊥)
∫

BZ F(~k,~ki) · G(~k‖, k⊥)d~k‖
(3.17)

∼
F(~k,~ki) · G(~k‖, k⊥)

F BZ

∫

BZ G(~k‖, k⊥)d~k‖
(3.18)

=
F(~k,~ki) · G(~k‖, k⊥)

F BZ

(3.19)

∼ G(~k‖, k⊥) (3.20)

In this regard, a small variation of the form factor F(~K ,~ki) with ~K affects the spot profile only around

the spot as a diffuse intensity or broadening. While lattice factor G( ~k||, k⊥) dominates the central in-

tensity. Therefore, the kinematic theory better approximates the large surface structures and/or macro-
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Figure 3.3: Schematic illustration for the phase shift during low-energy electron scattering from a
stepped surface. At the step edges, the scattered waves undergo 2πS phase shift (here
S and λel represent the path difference and electron wavelength, respectively). For inte-
ger values of phase S, the scattered waves give rise to constructive interference resulting in
sharp diffraction spots (a). At the in-phase condition, electrons are insensitive to the terrace
width distribution. However, there is still sensitivity to local deviations from periodicity, etc.
In the case of non-integer values of phase S, the scattered waves are subject to destructive
interference, where the sharp diffraction spots fade (b). In the latter case, which is the so-
called out of phase condition, split diffraction spots appear for a regular array of steps. Split
spots are not resolvable for a broad distribution of terrace widths.

scopic roughness.

3.1.2. H(S) and G(S) Analysis

Assuming coherent scattering from the uncorrelated adjacent terraces, the broadening of spot profile

Ψ( ~k||, k⊥) yields information about the terrace size 〈Γ 〉. This corresponds to the Lorentzian shape

(broadening) of the measured spot profile at the out-of-phase condition via the following relation

[98,100,101]:

Ψ( ~k||k⊥)∝
1

� 2
〈Γ 〉

�2
+
�

a~k||
�2 (3.21)

The mean terrace width 〈Γ 〉 of a two-level surface can be obtained from the FWHM of the line profile

of the diffraction spot as follows:
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FW HM =
4
〈Γ 〉

. (3.22)

Scattering Phase — The scattering phase S defines the phase difference between electron wavelength

(λel) when electrons are scattered from the adjacent terraces of a stepped surface.

S =
k⊥d
2π

. (3.23)

where d is the step height (or interlayer spacing). Following Eq.3.23, the scattering phase depends

on the vertical scattering vector k⊥. As shown in Fig. 3.3, integer values of S (i.e., S = n, n is an integer

number) correspond to constructive interference of waves diffracted from the adjacent terraces (”in-

phase” or Brag condition), while half-integer values of S (i.e., S = n + 1
2) correspond to destructive

interference (”out-of-phase” anti-Brag condition). At the out-of-phase condition, the overall intensity is

redistributed into the diffuse part around the diffraction spot, which is sensitive to vertical roughness

and also yields information on long-range correlation. At the in-phase condition, sharp diffraction spots

appear independent of surface roughness (see also Fig. 3.3). For the specular (00) spot, where k|| = 0,

phase S depends on the electron wavelength as following:

S =
2dcosθ
λel

(3.24)

Here, λel andθ are the electron wavelength and angle of incidence with respect to the surface, re-

spectively (see Fig. 3.3). θ yields the specular angle of cosθ = 0.997 ≈ 1 for typical SPA-LEED setup.

Substituting λel from Eq. 3.1 into Eq. 3.24, the practical form of the scattering phase can be expressed

as:

S = 2dcosθ

√

√ E(eV )
150.4

(3.25)

Eventually, Eq. 3.25 enables to extract the average step height d using the primary electron energy

and scattering phase via Laue condition. Although Eq. 3.22 gives a reasonable result for the two-level

surface, it has to be extended for description of multi-level surfaces: The spot profile of the multi-level

surface consists of central spike Gc(k⊥) and diffuse broadening Φd(k||, k⊥) induced by interference from

different levels of surface atoms.

G(k) = G(k⊥)Gc(k||) + [1− G(k⊥)]Φd(k||, k⊥) (3.26)

where Φd(k||, k⊥) describes the diffuse intensity and it is given by following equation:

Φd(k||, k⊥) =
Id(k||, k⊥)

∫

BZ Id(k||, k⊥)× dk||
(3.27)
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The amplitude of both central spike and broadening vary with k⊥. The diffuse part of the scattered

intensity varies with scattering phase S by giving the highest intensity at half-integer S. Thus, the spot

profile of the multilevel surface (i.e., with randomly distributed terrace widths) should be described

by convoluted Lorentzian and Gaussian functions where Lorentzian shape refers to the diffuse part,

and Gaussian distribution explains the diffraction spot. In this approach, the FWHM of the Lorentzian

distribution directly yields the average terrace width 〈Γ 〉 as a function of S. This is the so-called H(S)

analysis, and it is given with the following form in the one-dimensional case.

H(S) =
1
π〈Γ 〉

[1− cos(2πS)] . (3.28)

The equation mentioned above can be generalized for multiple step height surfaces by taking the

variation of step heights via the following expression:

H(S) =
∑

h≥1

βh

π〈Γ 〉
[1− cos(2πSh)] . (3.29)

where βh comprises the involvement of different step heights h × d. Again if the step morphology

is dominated by one step height, the mean width of the terrace can be collected in the out-of-phase

condition via the following relationship:

π〈Γ 〉=
2

FW HMS
(3.30)

Here, index S refers to the scattering phase with half-integer values, i.e., S = n+ 1
2 . Similar to studies

of the lateral surface arrangement (or H(S)) analysis, vertical roughness of the 2D surfaces can be

studied via G(S) analysis. G(S) analysis employs the integrated peak intensity of the central diffraction

spot, which varies as a function of k⊥. The following equation gives the G(S) relation.

G(K|| = 0, S) =
∑

h

Chcos(2πSh) = 1−
∑

h≥1

Ch [1− cos(2πSh)] . (3.31)

where Ch refers to the vertical height correlation, and it is defined by:

Ch =
∑

l

pl ph+l =
1

2π

∫ +π

−π
dSG(S)cos(2πSh). (3.32)

Here, ph and pl is the probability of finding a surface atom in the level h and lateral position l. The

calculation of the G(k|| = 0, S) as a function of S can be done by the Fourier transformation of the

normalized central spike intensity via Eq. 3.17. Now assuming that the lattice factor has the shape of a

Gaussian close to the in-phase condition, G(S) is given by:

G(S)≈ e−∆
2
RMS(2πδS)2 (3.33)
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where ∆2
RMS is given by the following relation [101–103]:

∆2
RMS = 〈h

2〉 − 〈h〉2 =
∑

h

Chh2. (3.34)

One should note that in addition to those LEED theories discussed above that have relevance for

the studies in this thesis, there is also the dynamic LEED theory. It is mainly used to study structural

information using the variation of intensities of all diffracted spots available as a function of energy at

a constant angle of incidence. By employing optical LEED due to easy control of electron beam over

huge range on the sample. [104]

3.2. Inelastic Scattering

The interaction of low-energy electrons with the crystal surface relies on two major processes regarding

energy conservation. These are the elastic and inelastic scattering events. The elastic scattering pro-

cess is based on the energy conservation between the initial and final state of the scattering particle.

However, in the inelastic scattering process, the scattering particle transfers or gains energy during the

interaction event. Since the whole process as ini tal state → col l ision → f inal state must obey the

energy and momentum conservation, the loss energy of the initial particle corresponds to excitation

of surface modes (see Eq. 3.35). The resulting excited modes can either be phonon or plasmon (i.e.,

electronic excitation) kind.







Ei − E f = ħhω

ki − ks = q+ g
(3.35)

When the incident electron with wave vector ~ki scatters from the surface with wave vector ~ks, two

primary scattering processes can be distinguished as described in Fig. 3.4. These will be discussed in

the following sections.

3.2.1. Dipole Scattering

The oscillating component of the electric dipole moment creates an oscillating electric field at the sample

surface. When the electromagnetic field of the incoming electron waves interacts with these long-range

dipole fields scatters. Considering a semi-infinite crystal surface with the ground state charge density

ρ0(x), the total charge density becomes ρ0(x) + ρ1(x , t) due to thermal fluctuation. Although the

fluctuation rearranges the charge distribution, the charge neutrality of the whole surface is preserved

as:
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Figure 3.4: Schematic illustration for the most pronounced electron energy loss process through dipole
scattering. a) inelastic scattering process (green spark) takes place close to the surface
before an elastic scattering, b) inelastic scattering process takes place after an elastic scat-
tering. Both processes happen due to the interaction between impinging electrons and the
long-range electric field at the surface (shown with arrows). Rs and Ri are the elastic scat-
tering amplitudes that are not necessarily the same. The blue dashed lines depict the elastic
scattering path. c) The selection rule for the dipole scattering on the surface. Depending on
dipole-dipole interaction, the resulting dipole moment (µtotal) is equal to either sum or dif-
ference of the initial dipole moments. The generated electric field by representative image
dipoles inside the material tends to increase the dipole effect normal to the surface.

∫

d3 xρ1(x , t) = 0, (3.36)

Within this approach, when an electron with charge e approaches the 2D surface with z < 0 experi-

ences the electrostatic potential.

φ(x , t) = e

∫

z′<0+

d3 x ′ρ1(X ′, t)
|X − X ′|

, (3.37)

where the single interaction event is extended over the whole sample surface with the integral. The

integral is extended into the surface in order to consider any contribution from the charge density in-

duced by fluctuation inside the crystal (or deeper surface). The Eq. 3.36 requires that at a large distance

from the surface, the main contribution to φ(x , t) is dipolar in character. Accordingly, retardation ef-

fects are ignored in Eq. 3.37. Information from the atom is assumed to be transmitted to the electron

on a time scale shorter than excitation itself; it perceives the atomic positions while it is scattered at l0
above the surface. In Ref. [105] it has been shown that l0 is related to the two-dimensional wave vector

(~K) as l0 ∼= ~K−1. After the corresponding replacement, Eq. 3.37 can be reformulated as:

φ1(x , t) = 2πe

∫

d2 ~K||
~K||

e(i ~K||·x||) × e(−~K||z)
∫

z′<0

ρ1(~K||z
′; t)e+~K||z

′
dz′ (3.38)
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where ρ1(~K , z′, t) represents the charge density fluctuations and ~K|| = ~ki
|| − ~k

s
|| (i and s stand for the

incident and scattered electron, respectively). Only components of a wave vector parallel to the surface

are conserved. Hence, for a given value of ~K|| and energy transfer ω, the direction of the emerging

electron can be determined via Eq. 3.35.

The relevant quantity to describe the scattering from the surface is the scattering efficiency QSC per

unit angle dΩ( ~ks) and per unit energy dħhω, having the form d2QSC/dΩ(~ks)dħhω. This quantity is di-

mensionless and describes the probability that electron will scatter from its initial state into a final state

in the angle dΩ(~ks) and in the energy range dħhω. According to Ref. [106], the scattering efficiency is

described as:

d2QSC

dΩ(~ksdħhω)
=

m2e2υ2
⊥

2π2ħh5cosθ1

�

~ks

~ki

�

P(~K||,ω)
~K2
||

×
|υ⊥ ~K||(Rs + Ri) + i(Ri − Rs)(ω−υ|| · ~K||)|2

[υ⊥ ~K2
|| + (ω−υ|| · ~K||)

2]2
(3.39)

Here, θ1 is the angle of incidence, υ|| and υ⊥ are the magnitude of the incoming electron velocity

parallel and normal to the surface. Ri and Rs (also see in Fig. 3.4) are the probability amplitudes that

describe the specular reflection of the incoming and scattered electrons from the surface. Thereby,

if an incident electron with energy Ei and wave vector ~ki is considered, the intensity of the specular

reflection normalized to the incident intensity is |Ri|2. The processes described in Fig. 3.4(a,b), interfere

coherently; their contributions are added to the inelastic scattering amplitude in Eq. 3.39 and are then

squared to form the expression for the inelastic intensity |Ri|2 and |Rs|2. Therefore the Eq. 3.39 can be

simplified to the following form:

d2QSC

dΩ(~kS)dħhω
=

2m2e2υ4
⊥

πħh4 cosθ1

�

kS

ki

� |Ri|2P(~K||,ω)

[υ2
⊥
~K2
|| + (ω−υ|| · ~K||)

2]2
(3.40)

According to Eq. 3.39, the inelastic intensity diverges when θ1 approaches 90◦ due to the extended

interaction time with the surface. This statement is valid for the present model, while it can be removed

when the image potential is taken into account. By contribution of ~K|| to the potential given in Eq. 3.37,

the potential is extended above the surface with a distance roughly ~K−1
|| . Accordingly, any contribution

to the potential with a spatial variation ei,~K||·x|| parallel to the surface, regardless of its physical origin,

must necessarily decay as e−~K||z by going away from the surface. Hence, any fluctuation in charge density

produces a long-range disturbance in the vacuum that gives rise to small-angle scattering. Likewise, a

contribution to the potential proportional to ei ~K||·x|| is produced by charge fluctuations that extend into

the surface with distance l0(~K||) ≈ ~K−1
|| below the surface. Thus, an electron, which suffers scattering

that changes its wave vector components parallel to the surface by the amount ~K||, travels into the

surface by a distance ~K−1. P(~K||,ω) in Eq. 3.40 is the quantity of response of the system to a particular

excitation or probability of scattering from a particular system. Ultimately P(~K||,ω) can be related to

the dielectric properties of the system. [107]

56



3.2. INELASTIC SCATTERING

P(~K||,ω) =
2ħh~K||
π
[1+ nBE(ω)]×ℑ

¨

−1

ε̃(~K||,ω) + 1

«

(3.41)

Here, nBE(ω) is the number of vibration quanta described via the following expression in Bose-

Einstein statistics.

nBE(ω) =
�

eħhω/kβ T − 1
�−1

(3.42)

In Eq. 3.41, ℑ is the imaginary part of the substrate dielectric constant, and ε̃ is an effective wave

vector dependent dielectric function, which the electron sees when it interacts with the surface (or

dipole field above surface). In general, (ε̃(~K||,ω) + 1)2 is described as a loss function.

3.2.2. Impact Scattering

One of the approaches describing inelastic impact scattering and the scattering cross section is the

quantum-mechanical scattering theory. This approach treats the impact scattering as a scattering of a

wave from the crystal lattice, similar to the kinematic diffraction theory. Unlike the kinematic diffraction

theory, absorption or emission of energy is necessarily considered. Having an incoming plane wave with

wave vector ki the outgoing wave after scattering from surface atoms (or electron density) is described

via ϕ(ks, ki)e
iks r

r . Considering a 2D crystal plane with fixed atomic (nuclei) positions ~R1, ~R2, ..., ~Rn, the

probability amplitude that the scattered electron possesses is given by ϕ(~ks,~ki; { ~Rn}). One should note

that the scattering amplitude for such a semi-infinite crystal can be given within the kinematic diffraction

theory (see Section 3.1.1). Thus, considering a 2D unit cell with the reciprocal lattice vectors ~G||, the

scattering amplitude ϕ(~ks,~ki) 6= 0 is satisfied only when ~ks
|| =

~ki
|| + ~G||. This implies the occurrence

of only Bragg scattering, which is an elastic event with Es = Ei . In other words, due to the lack of

translational symmetry normal to the surface, only wave vector components parallel to the surface are

conserved. At finite temperature, the atomic positions are not fixed in their equilibrium positions at each

instant of time, but they shift due to thermal vibration with displaced atom j at position ~R j = ~R0
j + ~u j .

Here, ~R0
j and ~u j are the vectors to the equilibrium site and displacement from it. In this case, the ideal

Bragg condition is altered, while some of the scattered electrons emerge away from the Bragg direction,

which gives rise to the thermal diffuse background. Since these off-scattered electrons experience energy

absorption or emission, the whole scattering process is inelastic. The scattering amplitude ϕ(~ks,~ki; {~R})
is determined by the atomic positions. Taking into account the only emission of vibrational quanta (ωs),

the cross section for inelastic scattering from the surface is expressed in terms of matrix element as:

M(~ki ,~ks;+s) = 〈ns + 1|ϕ(~ks,~ki; {~R})|ns〉=

√

√

√(ns + 1)ħh
2Nωs

×
∑

iα

�

δϕ

δRiα

�

0

�

ξs
iα

p

Mi

�

(3.43)

Here, ωs (vibration frequency) and ξs
iα (eigenvectors) must be derived numerically. (δϕ/δRiα)0 is
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the derivative of scattering amplitudes. For a given scattering geometry, for electrons that scatter with a

particular energy Es, the difference (ks
||− ki

||) is constant. If G|| is the particular reciprocal lattice vector,

which, when subtracted from (ks
|| − ki

||) yields a vector g|| that lies within the first Brillouin zone. Then

the vibrational quanta that may scatter the electrons in the direction determined by ~ks, are only those

with a vector g||. This forms the wave vector conservation parallel to the surface. If ( dSα(ki ,ks)
dΩ )dΩ is

the probability that the vibrational quanta (g||α) scatters the electron into the solid angle dΩ, one may

show that with A the surface area of the crystal:

dSα(ki , ks)
dΩ

=
mE1cos2θs

2π2ħh2 cosθi
A|M(ki , ks;Q||α|2. (3.44)

Here, M is a matrix element that describes the formation of a vibrational quantum and is given by

the derivative of the scattering amplitude to the nuclear displacement δ f /δR. Now, one should assume

that the intensity of specular reflection from the surface with fixed atomic positions |Ri|20 is subject to

reduction by the Debye-Waller factor due to thermal vibrations as:

|Ri|2 = |Ri|20 e[−
1
2 〈(Q·u)

2〉T ] (3.45)

Here, u is the displacement of an atom from its equilibrium position; the thermal average is considered

via angular brackets. Scattering of electrons by phonon changes their direction from a specular escape

angle and therefore reduces the specular intensity, which adds to the thermal diffuse background. The

depletion of the specular beam from one-phonon process is approximated by 1
2〈(Q · u)

2
T |Ri|2. From this

Q2 is proportional to electron energy Ei and scales with the primary electron energy as Ei|Ri|. It must

be noted that the dipole excitation cross section is given by |R|2 and decreases as a function of primary

electron energy. Now the intensity of losses due to the impact scattering can simply be estimated as:

Iinelast ic ≈
1
2
(~K · u)2 Ielast ic (3.46)

where ~K is the wave vector transfer, which corresponds to the incoming wave vector as |Q| ∼= |ki| at

large scattering angles.
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Chapter 4
Experimental Technicalities

T he first part of this chapter describes the vacuum chamber and gives a brief overview of the ex-

perimental techniques and methods used. As the main investigation methods, EELS-LEED and

SPA-LEED have been used in the scope of the present thesis. Additionally, to study the oxidation of the

Si(553)-Au surface, the infrared absorption measurements were conducted at the Kirchhoff-Institute for

Physics, University of Heidelberg. The setup and working principles of the IR-absorption spectroscopy

will not be presented here. Therefore, for any further information, please refer to Ref. [108]. In the

second section of this chapter, the substrates used and surface preparation will be described.

4.1. UHV Chamber

The ultrahigh vacuum (UHV) chamber is made of stainless steel. The sketch of the UHV vessel with

the main parts is shown in Fig. 4.1(a). The UHV vessel is divided into two parts: the main chamber

and the load lock. The main chamber is equipped with a high-resolution SPA-LEED and an EELS-LEED,

a gold evaporator, a sputter gun, hand-made hydrogen cracker, and a quadrupole mass spectrometer

(QMS). The main chamber is connected to a membrane pump (pre-vacuum pump), a Ti-sublimation

pump, and an ion-getter pump. Additionally, a getter pump containing a porous ZrVFe alloy is used

to reduce residual hydrogen gas. The setup used is capable of achieving a base pressure of 5×10−11

mbar. During the measurements, the effort was made to keep the pressure within this range, except

during gas exposure experiments. The average pressure is measured by an ion gauge. Additionally,

the partial pressure of various gases is examined by the QMS after each baking process and during gas

exposures. The load lock was used for sample installation, as well as for initial outgassing. The load

lock is connected to a membrane pump and a turbopump. With this combination, a pressure of 10×10−9

mbar was achieved in the load lock. In order to establish the desired pressure, the chamber was baked
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at a temperature of ∼170 ◦C for two days. Baking of the whole setup was also required after switching

the gas exposures between H2 and O2.

Figure 4.1: (a) Sketch of the UHV chamber with the positioning of the individual components used in
this work. The arrows in the center indicate the movable directions of the sample. Sketch
adapted from Ref. [109]. (b) Front and side view of the sample handler, which holds the
sample. The sample is mounted on the holder using four Si spacers. The Pt1000 tem-
perature sensor located on the side of the sample handler was used for low-temperature
measurements.

The sample holder used is made of Molybdenum, which is mounted on the sample handler made out

of copper, inside the main chamber. The sample handler can be moved horizontally and vertically as

well as rotated for alignment to the various components. The handler can be cooled through a cryo-

stat with liquid nitrogen or liquid helium; however, the heat transfer is not optimal due to spacers and

small clamps. The temperatures during cooling were measured by the Si diode located directly on the

cryostat near the sample and by the additional Pt1000 resistance located on the side of the handler

(see Fig. 4.1). During high-temperature treatment, the sample temperature was measured using the IR

pyrometer through the viewport (window). The emissivity is regulated by computer software during

the measurement. The sample is mounted on the sample holder with durotherm (CoNiCrMo) clamps.

In addition, four Si spacers, cleaned as the main sample, were used to attach the sample to the sample

holder (see Fig. 4.1(b)). This configuration helps to absorb (or reduce) extra mechanical stress while

heating the sample with direct current. It also prevents contamination of the sample from the metallic

sample holder during high-temperature treatment.

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

................................................................... ............................................................................... .................................................................................................
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4.2. SPA-LEED

4.2. SPA-LEED

Throughout this thesis, a spot profile analysis low-energy electron diffraction (SPA-LEED) was used to

qualitatively check the surfaces after each new preparation and quantitative investigation. The sketch

of this setup is shown in Fig. 4.2 . [110–112] A prototype of the SPA-LEED device was developed by Prof.

Dr. M. Henzler and his group in Hannover, at the same institute as this thesis is realized. [112] This

device can be operated in two geometries in reciprocal space: normal geometry of incidence and grazing

geometry of incidence. Besides, a real space mode can also be operated, a so-called low-resolution

scanning electron microscopy mode. This is used to align the sample in front of the electron beam.

Figure 4.2: Left: Schematic setup of the SPA-LEED system used in this work. Electrons emitted from the
hot filament and selected with primary energy directed to the grounded sample using the
potential difference between octupole plates. The red lines show the projection of electron
paths before and after backscattering from the surface, while the blue dashed lines corre-
spond to the direct vector of the incident and scattered electrons. This setup facilitates H(S)
and G(S) analysis of the probed surface by acquiring 1D scans in a predetermined direction.
Adapted from Ref. [113]. Right: The Ewald construction, diffraction rods, and resulting
diffraction pattern within the given scattering condition. The resulting diffraction pattern is
described by the envelope of the rocking Ewald sphere. This sphere (red circle) is centered
at the origin of the reciprocal space and has a diameter twice the Ewald sphere. The incident
~ki and the final wave vector ~k f are always in the same relative orientation. The regulation of
the voltage in the deflection unit results in a change of the scattering vector ~K giving access
to the reciprocal space.

The major components of this design include a fine-focus electron gun, an entrance lens close to the

specimen, an electrostatic deflection unit, and an opening in front of a channel electron multiplier (CEM)

detector. Unlike conventional LEED, the image is not produced on a fluorescent screen. Instead, a CEM

analyzes the reflected intensity. The setup also has a phosphorous screen that enables a quick overview

of the diffraction pattern. The beam generated by the hot filament is deflected by applying voltages at

the octupole plates and finally focused on the entrance slit of the detector. The set of octupole plates is
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adjusted in such a way that no voltage is applied in the center, which allows keeping the angle between

the incident ( ~ki) and final scattering vector ( ~k f ) constant (see Fig. 4.2). Because of this configuration,

the scattering condition is changed compared to a conventional LEED. Thus, instead of scanning the

margin of the Ewald sphere, a new sphere with a diameter twice the Ewald sphere is generated, which

is rotating around the origin at (000) while changing the octupole voltages. This enables scanning a

larger area in reciprocal space with increased resolution.

The resolution is given by the size of the spot and the entrance slit in front of the CEM. Small spot

size can be obtained by means of a fine-focus electron gun under low current electron beam conditions.

Typical existing settings range from 50 pA providing high-resolution images up to 500 nA for low resolu-

tion visual inspection. During operation, the electron energy can be varied from 5-500 eV. Moreover, the

count rate or intensity can be changed via the primary electron energy, the repeller, and the extractor.

The width of the focused electron beam in the detector plane defines the transfer width of the instru-

ment as:
T =

k01

∆k
a0 (4.1)

where ∆k is the width of the electron beam, k01 is the distance between fundamental spots, and

a0 is the atomic row distance at the surface. A wider transfer width results in a sharper peak. This

has the benefit of better statistics in the experimental as well as evaluation of obtained results. Its

higher reliability to work with single diffraction spots, as well as recording line profiles even at different

energies, makes the SPA-LEED superior to conventional optical LEED. The SPA-LEED is operated with

the computer software WinSPA. [114]

4.3. EELS-LEED

Since the energy loss of the electronic excitation is usually measured in fractions of eV, the resulting loss

peaks are placed very close to the elastic peak. Therefore, their observation requires a very high energy

resolution. On the other hand, the instrumental broadening must be sufficiently low that the lifetime

broadening can be extracted from the measured spectrum. To achieve this resolution, monochroma-

tors and high-resolution energy analyzers were used to obtain a uniform electron beam and record the

spectra of electrons scattered from the sample. An analysis of the surface excitation relies on the in-

vestigation of inelastically scattered electrons. Due to its high surface sensitivity, which is given by the

primary electron energy (see Fig. 3.1), the surface plasmonic excitation can easily be studied with almost

no contribution from bulk electronic states. In addition to the conventional EELS, an implementation

of the LEED deflection unit allows high resolution in momentum transfer.

The EELS-LEED used in this work is a home-built setup combined with the Lebold-type 120◦ cylin-

drical monochromator and analyzer. The monochromator and analyzer are made of copper, and all the

slits are made of copper-beryllium alloy. All the other components are made of non-magnetic materials

such as tantalum, molybdenum, and high-purity alumina. Since low voltages (∼20 V) makes the slow
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electrons susceptible to magnetic and electric fields, the whole setup is shielded with permalloy that

reduces the magnetic flux density to < 7µT in the spectrometer. [115]

Figure 4.3: Schematic drawing of the EELS-LEED setup used in this thesis. Right part schematic demon-
stration of EELS experiment. In general scattering geometry and electron primary energy
define the momentum transfer direction and magnitude on surface. FWHM of the spec-
ular peak related to the angular acceptance of the EEL spectrometer according to Eq.4.5.
EELS-LEED sketch adapted from Ref. [116].

The central part of the EELS controller consisted of a combination of high-precision D.C. voltage gen-

erators and high-precision potentiometers. All the voltages are tuned and pre-adjusted with respect to

the filament voltage. All the electrode voltages are modified by the same value concerning the sample

potential to change the electron beam’s primary energy. The sample potential is set to the ground level.

The EEL spectra are recorded by scanning the offset voltage of the analyzer part with respect to the

filament voltage via a programmable D.C. voltage. The voltage generator is controlled by a personal

computer. During this thesis, a LaB6 cathode (filament) was used, which gives well-defined electron

emission with a comparably narrower (in comparison with other cathodes) focusing area and energy

resolution. The sketch of the EELS-LEED is given in Fig. 4.3. The setup does not allow mechanical move-

ment of the lenses, but the only alignment of the electrons’ trajectory by applying voltage differences to

the electrostatic lenses.

Historically low-energy EELS was first used in the form inelastic low-energy electron diffraction

(ILEED) [117] using a retarding field analyzer to filter out the inelastically scattered electrons from the

quasi-elastically scattered electrons, e.g., from the unresolved contributions due to the elastic diffraction

and to lattice vibration. The device was also further developed by M. Henzler’s group at the University

of Hannover [118] to achieve both a high momentum and energy resolution. This device consists of a
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127.8◦ cylinder capacitor. Following Ref. [105, 115], the resolution is approximately given by the pass

energy Ep as follows:

∆E
Ep
=

s
rc
+

4
3
α2, Ep =

1
2
∆Ue

ln (ro/ri)
. (4.2)

Here, s = 0.3 mm is the slit width, rc = 35mm is the radius of the center path, ro and ri are the radii

of the outer and inner capacitor plates with ro/ri ≈ 1.4, α is the maximum angular aperture of the input

electron beam, and ∆U is the difference in voltage between the two plates. In the EELS measurement,

the energy and momentum transfer parallel to the surface is conserved that can be expressed as follows:







Eloss = Ei − Es

ħhq‖ = ħh(~kisinθi − ~kssinθs)
(4.3)

where Ei is the initial (primary) energy of the incident electrons, and Eloss is the loss energy after

impinging on surface. θs and θi are the angles in the scattering plane with respect to the surface normal

of the sample for incident and scattered electrons. ki and ks are the incident and scattered wave vectors

normal to the surface, as shown in Fig. 4.3. Here, the parallel component of the wave vector (q‖) is

expressed via the following relation:

q‖ =

p

2mEi

ħh

�

sinθi −
√

√

1−
Eloss

Ei
sinθs

�

(4.4)

Thus, the integration window or the resolution in momentum space, ∆q||, can be expressed by dif-

ferentiating Eq.4.4 following Refs. [42,119].

∆q‖ ≈
p

2mEi

ħh

�

cosθi −
√

√

1−
Eloss

Ei
cosθs

�

α (4.5)

Here, α is the angular acceptance of the instrument, which determines the experimental accuracy. α

is translated into an integration over reciprocal space and it can be determined by measuring the FWHM

of the specular peak (see Fig. 4.3).

4.4. Gold Evaporator

A home-built gold evaporator has been used during this thesis. The evaporator consists of a gold pearl

located on a tungsten spiral surrounded with cooling pipes made of copper (see Fig. 4.4). The whole

construction is built on a CF-35 flange. Two 10 MHz Quartz Crystal Microbalances (QCM) were used for

calibration of the evaporation rate, one at the sample position, and another on the evaporator. Taking

the ratio of frequency changes (by fitting the slope) and the known mass frequency relation of the

quartz, the concentration of Au atoms on the sample surface was calculated. The procedure described
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Figure 4.4: Side view of the gold evapo-
rator and hydrogen cracker
used in the present thesis.
The orange parts in both im-
ages represent copper-made
cooling sheaths. Rest parts
are made of stainless steel. To
increase cracking efficiency,
two (vertical and lateral)
tungsten filaments have been
used in the hydrogen cracker.
Numbering: 1- Cooling parts,
2- H2 inlet, 3- vertical tung-
sten filaments, 4- Au pearl, 5-
lateral tungsten filament, 6-
QMB, 7- shutter.

in Ref. [120] was applied using the following relationship:

∆ f =
ρA× f 2

QCM

ρQCM × NQCM
(4.6)

Here, ρQC M = 2.65g/cm3 is the density of quartz and ρA is the additional density (mass) per area. For

1 ML of Au on the Si(111) surface, ρA = 1.71×10−10 g/cm−10. fQC M = 10 MHz is the ground frequency

of the oscillator and NQC M = 1670 kHz mm is the eigenfrequency of the thickness shear mode for an AT-

cut [121]. From this routine, the frequency change in the sample position was estimated to be: ∆ fSi(111)

= 38.6 Hz. This calibration routine allowed an exact rate of the evaporation of Au onto the sample. It

is worth noting that in addition to the discussed pre-calibration of the gold evaporator, SPA-LEED and

plasmon spectroscopy were also used as complementary techniques for further optimization of actual

surface coverage.

4.5. Hydrogen Cracker

For hydrogen chemisorption experiments, atomic H was produced by dissociation of molecular hy-

drogen in a homemade hydrogen cracker. [122] The sketch of the hydrogen source used is shown

in Fig. 4.4(bottom). The cracker is composed of a tungsten capillary of 3 mm inner diameter that is

thermally shielded with a cooling pipe out of copper. The other side of this capillary is connected to a

minican of hydrogen gas via a fine control valve. In the cracker, there are two filaments. One is coiled in

the direction of the hydrogen flow, the other one is aligned along the cross section of the capillary. The

distance between the cracker and sample was estimated to be∼7 cm, which is sufficient to avoid heating

of the sample. Therefore, no thermal desorption during hydrogen adsorption experiments is expected.
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Hydrogen adsorption experiments were carried at 300 K sample temperature, so only cracked H had to

be considered to estimate the adsorbed H amount. The efficiency cannot be precisely determined, but

was estimated to ∼5 % at a filament temperature of 2000 ◦C. [123] However, experiments with molec-

ular hydrogen showed that a very small fraction of molecular hydrogen could also be simultaneously

dissociated at Si step edges (preferable). [33] Since the experiments with H2 requires extremely high

dosage, the disorders induced by hydrogen and water dominates the surface properties. Therefore, all

the hydrogen adsorption experiments have been carried out with the atomic hydrogen.

4.6. Definition of Gas Exposure

In this thesis, the adsorbate amount is given in the Langmuir model, so the only chemisorption has been

considered as a relative adsorbate coverage.

In the case of gas exposure experiments, the dosage was estimated as a function of exposure time

and partial pressure using the following equation:

θ (t) =
1

Sr j · 1.33 · 10−6

∫

P(t)d t (4.7)

Here, Sr j is the relative sensitivity of ionization gauge to gas species or a correction factor (1/Sr j).

Following Ref. [124] that values 0.44 and ∼0.9 for H2 and O2, respectively. The resulting dose is given

by Langmuir (L) as 1L = 1.33 · 10−6 mbar · sec. It worth noting that this estimation gives only the

gas flow that hits the sample surface. In addition, the actual adsorbed gas coverage on the surface is

principally dependent on the sticking coefficient and desorption rate. When P(t)→ 0, θ (t)→ 0, so that

at low concentration, adsorption is linearly proportional to P. When P(t)→∞, θ (t)→ 1 the relative

adsorbate coverage (Γ ) reacts to a monolayer.

Throughout this work, 99.99 % clean gases (H2 and O2) from Linde have been used. For assurance

of cleanness of exposure experiments, the gas lines were baked for several hours before each exposure,

and before switching one gas to another, the whole UHV was also baked. Moreover, before and during

each gas exposure, mass spectra were recorded.

4.7. Si Substrates and Surface Preparation

Silicon is one of the most used semiconductor materials in technology, as well as for scientific studies.

Silicon crystallizes in the diamond structure on a face-centered cubic (fcc) lattice in which each atom

covalently binds tetrahedrally with four adjacent atoms equivalently (see Fig. 4.5). The resulting dis-

tance and angle between two partner Si atoms are 2.35 Å and 109.5◦, respectively. The bulk lattice

constant for silicon is 5.43 Å. Si has a direct gap of 3.5 eV and an indirect gap of 1.1 eV, making it an

indirect band gap semiconductor. Practically, Si crystal can be cleaved in 3 different directions, such as
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[110], [100], [111]. Although the [100] directed Si surfaces are more reliable for technological use1,

the [111] oriented surfaces have been extensively used in scientific experiments. Upon removing the

oxide layer, Si(111) surface transforms irreversibly into the lowest energy state of well-known 7×7 re-

constructions. According to the DAS (Dimer Adatom Stacking fault) model, this reconstruction forms a

non-planar hexagonal unit cell with the 3.84 Å the lattice constant. [126]

Figure 4.5: Stick and ball model of the diamond crystal structure of bulk Si (a), and Si(111) surface (b).
The [111] plane is given in red. The solid and dashed lines show corresponding empirical
triangular and hexagonal surface unit cells. Blue and gray balls stand for topmost and second
layer Si atoms, respectively.

When a Si(111) crystal is cut at a small angle relative to a low-index orientation, the surface forms

steps that separate low-index terraces. These surfaces are called vicinal (or stepped) surfaces. The av-

erage distance between steps of a vicinal surface is given by L = h
sinϑ here, h is the step height, and ϑ is

the angle between the low-index orientation and surface plain. In such miscut Si surfaces, not only the

terrace distribution but also the number of free bonds per step edge atoms can be varied. For instance,

along (112), each step edge atom possesses two dangling bonds (i.e., (335), (337), (557)) while in the

(112) direction, every Si step edge atom has one dangling bond orbital (i.e., (110), (553), (775), (995),

(13 13 7)). [65] A cross section of the Si(111) surface along the (112) direction is given in Fig. 4.6.

The step separation and their interaction determine the stable variance for each orientational off-cut.

Therefore, although many different inclinations from the nominally flat surfaces have been tested for

various purposes, the number of stable orientations are limited to a few. [65, 127] Four members of

such inclined Si(111) surfaces have been thoroughly investigated for atomic wire growth. These are

Si(hhk) (h,h, k = h±2n) indexed surfaces with (553), (557), (775) and (335) orientations, as marked

in Fig. 4.6. All known members of the Si(hhk)-Au family share a similar set of recurring structural build-

ing blocks. The detailed parameters of Au-decorated Si(hhk) are given in Table 4.1. Upon deposition

of the corresponding amount of Au onto these surfaces, Si atoms at the step edges are rearranged into

1Due to a higher quality of SiO2 on the [100] Si/SiO2 interface has a lower Si adatom density (or lower amount of dangling
bonds) and therefore minimum interface density compared to others. This results in higher carrier mobilities for functional
devices. However, removing such oxide layer is a highly demanding process for fundamental purposes. [125]
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a honey-comb like structure with sp2-hybridized states. [65] Single, or double Au atomic strands are

located approximately in the middle of the terraces, separated by double atomic height Si steps on the

regularly arranged surfaces. The surfaces with slightly wider terraces (i.e., Si(557)-Au and Si(775)-Au),

contain an additional single Si ad-atom row per terrace. Moreover, the rearrangement of surface atoms

in the presence of ad-atoms gives rise to the rest-atom chains, which are located slightly lower than

other Si surface atoms. Indeed, each ordered as well as non-periodic (i.e., defects) structural motif has

individual effects on the electronic properties of the corresponding surfaces, as discussed in the follow-

ing chapters.

Figure 4.6: Stick and ball model of the Si(hhk) surfaces planes. After Ref. [65]. Colored lines depict
the corresponding surface orientation with respect to the (111) plane. The bottom graph is
the side view of the Si(553) surface with terrace width Γ , step height h, step-step distance
L, and inclination angle ϑ. aSi = 5.431 Å is the bulk Si lattice constant.

4.7.1. Sample Preparation

In earlier studies, [58,128,129] no significant dependence of plasmonic excitation on bulk doping con-

centration was found. However, using highly doped samples simplifies the flashing procedure as an

applied small voltage avoids rapid heating of sample and sample holder and, therefore, an uncontrolled

increase of UHV pressure. In all measurements presented in this thesis, only highly n-doped (mainly

1018 cm−3 charge concentration or 0.01-0.03 Ωcm resistivity) samples have been used for all experi-

mental studies. The wafers used have been obtained from CrysTec in Berlin. They were 275 µm thick

and 5×15 mm wide with the long side parallel to the step edges. This orientation helps to avoid step

bunching during flash annealing with a direct heating current. [130] A recipe for preparation of a well-
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Table 4.1: Summary of the known most stable Si(hhk) surfaces that have also been studied in this thesis.
The inclination angles are given respect to the [111] surface plane towards the [112̄] or [11̄2]
direction. Corresponding Au coverage to form stable surface reconstruction and the resulting
terrace width are also given.

Sytems Off-cut
angle

Terrace
width (Å)

Au coverage
(ML)

Si(553)-Au HCWs -12.5 direct 14.7 0.48
Si(553)-Au LCWs -12.5 33.2 0.19
Si(775)-Au -8.5 21.1 0.32
Si(335)-Au +14.4 12.2 0.27
Si(557)-Au +9.5 19.1 0.18

defined terrace distribution and kink-free (or with fewer kinks) steps has been applied. Refs. [131–134]

The samples were first cleaned ex-situ with acetone, petroleum benzene, and iso-propanol to eliminate

grease, dirt, and other residuals from the previous procedures. It was found that cleaning the stepped

surfaces in HF solution results in step bunching during annealing, probably due to the etching of steps.

Afterward, the sample was mounted on the sample holder (see Fig. 4.1). The sample was outgassed for

several hours under UHV condition at a temperature of ≤ 600 ◦C, below the cracking temperature for

the oxide layer. Indeed, the long degassing time helps to keep the base pressure lower than 2×10−10

mbar during the flashing procedure. Before every preparation, the sample was flash annealed to 1200
◦C several times until a well ordered pristine surface is achieved (see Fig. 4.7). This step reduces surface

imperfections by increasing the diffusion rates of surface and bulk atoms. Moreover, it helps to desorb

not only weakly bound but also chemisorbed species from the surface. All direct heating procedures

have been carried out with the current parallel to the step edges to avoid step bunching due to thermal

migration. [134,135] The surface preparation procedure is summarized in Fig. 4.8.

Pristine Si Surfaces from SPA-LEED — The room temperature SPA-LEED patterns for the pristine 1◦

Si(111), Si(553), Si(557) and Si(775) surfaces are shown in Fig. 4.7. After removing the oxide layer

the nominally flat Si(111) surface shows well defined 7×7 reconstruction (see Fig. 4.7(a)). Although

this is a fundamental reconstruction for other stepped surfaces, it appears very faint in the diffraction

pattern due to the domination of steps. The round spots in all diffraction patterns originate from the

Si step trains; their sharpness and roundness show the regularity of step arrays and step perfection,

respectively. They show characteristic splitting, which points out the step separation.

A quantitative analysis of this splitting for Si(553) surface yields ∼14.7 Å terrace width, separated

with bi-atomic height steps, as reported earlier in Refs. [136–138]. The first-order spots form a unit cell

consisting of flat (111) terraces as indicated with the side down arrows in Fig. 4.7(b-d). As revealed by

LEED, the well-arranged and stable arrays of steps on Si surfaces were achieved by applying appropriate

flashing cycles.
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Figure 4.7: SPA-LEED patterns of the pristine Si(553), Si(557) and Si(775) surfaces. Images were
recorded at room temperature after several flash annealing cycles. The white down arrows
indicate the×7 periodicities, which are common to all Si(111) surfaces. The first order spots
form a 1×1 unit cell, indicated by the dashed orange rhomboid in (b). The arrow pointing
upwards in (c) marks the ×2 periodicity due to the dimerized adatom chains.

Si(557) is 9.5◦ miscut with respect to (111) and inclined towards (112̄). According to earlier studies,

bare Si(557) is composed of three facets (111), (112), and (557). [139] Based on the scanning tunneling

microscopy (STM) images, Kirakosian et al. reported that for the (557) surface, the period of the

staircase is 5.73 nm, which corresponds to 17 atomic rows. [140] The latter appears as 17 diffraction

spots between integer-order spots in (112) direction, as shown in Fig. 4.7(c). However, following STM

studies [141], this surface is oriented along the (7 7 10) rather than the initially proposed (557). Within

their model, the periodically ordered steps have a height of 3 atomic layers, a width of 16 atomic rows,

and a periodicity of 5.2 nm. Recently, the precise atomic arrangement of this triple step has been under

debate by different authors. [142–145] While macroscopic surface morphology is similar to those at

the Si(553)-Au and Si(775)-Au surfaces, the surface energy of Si(557)-Au is higher than them due to

the appearance of Si adatom chains (details are given in Section 7.2). [142,143] It has been previously

shown for the Si(557) surface that higher flashing temperature transforms it into larger Si(111) terraces

due step bunching. [50,146] In the present study, all tested surfaces showed 17 atomic rows supporting
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the initially proposed macroscopic (557) surface orientation. In addition to the common features, the

Si(557) surface exhibits ×2 streaks due to dimerization of adatom chains, which has not been found on

other similar surfaces.

4.7.2. Anisotropic Atomic Wire Growth

A sub-monolayer amount of adsorbed gold breaks the three-fold symmetry on flat Si(111). Hence, the

lattice match along the long axis of terraces determines the chain direction. However, 2D arrange-

ment (i.e.,
p

3×
p

3, 6×6) at higher concentrations preserve or restore the three-fold symmetry due to

diffusion of metal atoms in all high symmetry direction regardless of the step-like morphology of the

small-angle miscut sample. In this regard, the stepped surfaces serve as a much better playground than

the flat surfaces for the growth of 1D wires due to the anisotropic stress applied by well-defined steps.

It was previously reported that after appropriate annealing or by deposition of adatoms onto Si(114),

a regular reconstruction over a large area could be obtained. [147] Following this study, it was found

that perfect step morphology and atomic surface arrangement can be obtained by deposition of a sub-

monolayer gold onto high Miller index planes (i.e., Si(hhk)) [148] instead of atomically corrugated

low index surfaces, e.g., Si(114). On the other hand, the amount of adsorbed metal atoms is also very

important, while excess amounts of metal adatoms introduce disorder to the chain structure. Also, due

to individual diffusion pathways as well as chemical interactions between metal adatoms and template

surface only particular metals (i.e., In, Au, Gd, Pt [65, 149–151]) tend to form anisotropic 1D chain

superstructures, whereas some others (i.e., Ag. Pb, Sn [36, 152, 153]) mainly generate anisotropic 2D

surface arrangements. Gold forms anisotropic metallic chains on the flat and stepped Si(111) surfaces

with odd Miller indices. The procedure applied for the production of a well-defined wire arrangement

in this thesis is described in Fig. 4.8.

Figure 4.8: Schematic illustration of the surface preparation in the UHV condition following ex-situ
chemical cleaning and long time in-situ degassing at 600 ◦C. The right graph shows the
optimized temperature treatment cycles starting from flashing of the pristine surface to post-
anneal of Au deposited surface with corresponding time scale.

Formation of anisotropic Au atomic wires and important growth parameters on the Si substrates have
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been well documented. [20,22,154–159] Nevertheless, most of the time, these parameters need to be

optimized for slight differences such as sample doping concentration, UHV condition (i.e., base pressure

should be sufficiently low to avoid mainly carbon contamination [160,161]), etc.

Gold Deposition — Evaporation of Au was conducted at 630 ◦C sample temperature, for all surfaces

reported here. This temperature was found to be the optimal condition for perfect surface preparation.

The elevated temperature increases the mobility of surface atoms and, therefore, facilitates superstruc-

ture formation. A shutter, positioned on top of the evaporator, was used to start or stop evaporation

onto the sample (see Fig. 4.4). After each preparation, the sample was kept at this temperature for ∼15

sec. Then, the sample temperature was lowered to RT, and then post-annealing to 930 ◦C in ∼1 sec was

applied. In the previous studies, as well as here, it was found that post-annealing helps to get rid of Au

atoms from step sites as well as for ordering those on the terraces. This step was skipped only for LCWs

on the Si(553) surface and was reduced to 650 ◦C for the Si(111) surface. Despite the many similar-

ities of the structural motifs, each member of the Si(hhk) family requires a specific amount of Au for

the formation of stable reconstruction and long-range periodicity determined by the orientation of the

steps and the width of the terrace (see Table 4.1). It has already been reported in the literature and the

present investigations that the procedure mentioned above produces anisotropic Au chains on the ter-

races with low defect density. The main advantage of self-assembly is the long-range ordered and large

scale growth of atomically ordered structures that enable investigation with area integrating methods

(i.e., LEED, IR, EELS, ARPES, etc.), which usually require a large sampling area. Another advantage of

self-assembly is the wide-range thermal stability of the produced structures. Thus, contrary to atom-

by-atom manipulation or lithography, self-assembly is usually associated with RT or high-T structural

mobilization.
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Chapter 5
Gold Atomic Wires on Flat Si(111)

T his chapter deals with the structural and electronic properties of gold atomic wires on the flat

Si(111) surface. In the beginning, single- and multi-domain Si(111)-(5×2)-Au superstructures

will be discussed as studied by SPA-LEED. In this regard, the role of Au coverage and preparation con-

dition to transform the (7×7) to 5×2 periodicity and emerging instabilities is investigated. Then, the

plasmonic excitation associated with this surface will be discussed. For detailed studies, the plasmon

dispersion is used to investigate the excited-state band structure and then be compared to the avail-

able structural models (i.e., KK and EBH). Modification of the metallicity by surplus Au coverage and

hydrogen chemisorption will follow this. The chapter ends with a summary of the main findings.

5.1. Surface Structure and Properties

Gold deposition onto the nominal flat Si(111) surface forms triple domains. Significantly, the intro-

duction of a regular array of steps by slight misorientation of the Si(111) surface (1◦) leads, upon Au

deposition, to the formation of a single (5×2) domain. Although investigations of this system have a long

history, the difficulties in determining absolute concentrations of an adsorbed material in the submono-

layer regime are exemplarily demonstrated with this system. Consequently, several structural models

and optimal concentrations have been suggested for the (5×2) structure over time. [162–166] Although

the sequence of ordered Au-induced structures with increasing coverage, (5×2),
p

3 and (6×6), have

been shown, their relative and absolute saturation coverages differ widely.

Pioneer works on Si(111)-Au surface employing LEED revealed a (5×2) periodicity where the five-

fold symmetry was related to Si, and the two-fold periodicity was then explained as a shift between

two adjacent Au atomic rows. [167,168] Afterwards, several attempts have been made to optimize the

surface at a Au coverage of ∼0.4-0.5 ML by employing high-resolution electron microscopy (HREM)
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using the heavy-atom holography method on the basis of previous LEED studies. [169] However, the

resulting surface models, as well as coverage, appeared to contradict the ”Y”-shaped feature observed

earlier and protrusions in STM results. [170,171]

Figure 5.1: The most relevant structural EBH-(a) and KK-(b) models for the Si(111)-(5×2)-Au surface.
The rhomboid in both images depicts the (5×2) unit cell with six and seven Au atoms for
EBH and KK models, respectively. The bottom panels show a side view of the corresponding
model. Single and double Au atomic chains are numbered with 1 and 2, respectively. In
(a) the blue balls depict the Si adatoms, In (b), the 7th Au atom is marked with a black
circle (arrow). (a) and (b) adapted with permission from Ref. [163] and [164], respectively.
Copyright 2009 and 2014 by the American Physical Society.

In 2003, S. Erwin proposed a double gold chain model, which contains 4 Au + 1 Si adatom per

5×2 unit cell and additional Si-HC chains at the step edge. [162] This model was modified to the EBH

model by S. Erwin et al. by employing DFT and STM (see Fig. 5.1(a)). [162] The main differences

of the EBH model to previous models were 6 Au atoms per 5×2 unit cell forming spatially separated

single and dimerized double Au chains in the presence of the Si-HC chains and stabilization of Au

chain system by additional Si adatoms. The existence of these Si-adatoms, as well as that of the Si-HC

chain, was corroborated by an optical reflection anisotropy spectroscopy (RAS) study and by DFT, [172]

that questioned the alternative model suggested by Abukawa et al. [165]. Subsequently, the 0.6 ML

coverage was approved by STM and other DFT calculations. [28,173–175] In contrast, Kwon and Kang

proposed a model (henceforth, KK model) with an optimal Au concentration of 0.7 ML, i.e., one Au atom

more per unit cell than the EBH model. [164]With this model, a metal-insulator transition, induced by

adding additional Au to the optimal concentration could successfully be modeled. [176] Similarly, many

structural details seen with tunneling microscopy as well as electronic properties could be reproduced

within this model [177]. Nevertheless, the optimal concentration suggested by this model is at variance

with the findings of several recent studies that found values for completion of the (5×2) structure
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between 0.60 and 0.67 [165,173,178–180].

Figure 5.2: Experimental phase diagram for submonolayers of Au on almost flat Si(111) surface. The
filled red squares indicate the completion of the 5×2 and

p
3 phases. The open squares

represent the first observation of the 5×2 and
p

3 phases, from left to right, respectively.
The blue circles are the results of the temperature variation experiments. The green and
pink triangles depict the transition of the

p
3 and 5×2 phase, respectively, into a 1×1 phase.

The estimated melting temperatures have been depicted as smooth transitions in the phase
diagram for the lower and higher coverages. [181] The hatched area represents the con-
tinuation of the 5×2 phase with temperature. Reprinted from Ref. [179] with permission.
Copyright 2014 by the American Physical Society.

In particular, the study by Kautz et al., using a combination of low energy electron microscopy (LEEM)

in combination with medium and high energy ion scattering (MEIS, RBS), fixes this value to 0.65 ±
0.01 ML. [179] The experimental phase diagram from this work is shown in Fig. 5.2.

Both EBH and KK models are shown in Fig. 5.1. In view of these still controversial results, it is obvious

that there is no generally accepted structural model for this system yet. While absolute calibrations of

surface concentrations are usually very difficult, there may be alternative experimental approaches that

are able to discriminate between the various models suggested. Indeed, the combination of a diffraction

study with the result of plasmon spectroscopy, which yields valuable information on the unoccupied

bandstructure close to the Fermi level, allows such discrimination.

5.1.1. Recalibration of Surface Coverage

Single-Domain Surface — The pure 7×7 structure (see Fig. 5.3 (a)) was produced by flash annealing

cycles as described in Section 4.7.1. Upon Au evaporation the 7×7 periodicity transforms into the 5×2

structure along the [11̄0] direction. [181] The results from SPA-LEED for different domains together

with a representation of domain arrangements are given in Fig. 5.3. In several earlier studies, as well
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as here, the ×2 periodicity along [11̄0] starts to appear at a Au concentration of 0.2 ML. Its intensity

increases up to 0.6 ML Au coverage. On the other hand, the (7×7) structure loses intensity and finally

disappears when the Au coverage approaches 0.6 ML. At the latter concentration, the sharpest and

most intense (5×2) structure was seen. Especially the ×2 intensity decreases quickly when the surface

coverage is increased further. This behavior gives evidence for the formation of (5×2)-ordered islands

at Au concentrations above 0.2 ML, presumably with a local Au concentration close to the saturation of

0.60 ML, in coexistence with a low-density lattice gas that does not destroy the (7×7) structure of the

clean Si(111) surface. These findings are in close agreement with those published earlier. [179,181,182]

a)

[110]
↑↑

[112] 

→→→

10
1

011

110
↑112

b) c)

Figure 5.3: Upper panel: i,ii,iii show a schematic LEED pattern of the three 5×2 domains rotated by 120◦

with respect to each other and (iv) shows the overall pattern containing all three domains.
Lower panel: Experimental LEED patterns obtained for a Au coverage of 0.6 ML (a) and
0.65 ML (b) showing single and triple domain 5×2 surfaces, respectively. Fig.(c) shows the
Si surface after deposition of 0.70 ML of Au and post-annealing at 650 ◦C. The white arrows
in (c) depict the

p
3 periodicity. LEED images were recorded at RT with primary energy of

138 eV.

Au Concentrations Above 0.6 ML — When exceeding the Au concentration of 0.60 ML, the ×2

intensity in LEED is reduced, as already mentioned above. Furthermore, exceeding this optimum cov-

erage induces a gradual reduction of stability of the single-domain structure and the appearance of all

three domains along [1̄01], [11̄0] and [011̄]. An example is shown in Fig. 5.3(a) at a concentration

of 0.65 ML. Here, the ×2 streaks of all three domains appear with still the original domain having the
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highest intensity. The intensity of the other domains becomes more pronounced upon preparation at

630 ◦C and subsequent postannealing at 650 ◦C for a few seconds. At this point, the possible reasons

for the reduction of structural anisotropy in the formation of the (5×2) domains can only be speculated

on as follows. Step decoration of Si steps by the surplus Au atoms (i.e., by Au atoms not needed for

the formation of (5×2)) may play a role, but also kinetic effects such as increased mobilities of steps

and/or and easier diffusion of Au atoms at these higher Au concentrations. When Au coverage is further

increased, the formation of
p

3×
p

3 structure is observed, starting at a concentration of 0.68 ML, best

seen after subsequent postannealing at 650 ◦C for 5 sec. An example at a Au concentration of 0.70

ML is shown in Fig. 5.3(c). According to Ref. [183], the latter structure has a local concentration of 1

ML. These results show that there is a second range of coexistence at high Au coverages, now between

(5×2) and (
p

3×
p

3)R30◦ phases, which is in agreement with published phase diagrams [179, 181].

There is even quantitative agreement for the critical concentration of phase coexistence between (5×2)

and (
p

3×
p

3)R30◦ phases with Ref. [179]. The limit of stability of the pure phase of three domains of

the (5×2) structure is at a Au concentration of 0.67 ML. Interestingly, this perfect agreement with the

recent phase diagram (see Fig. 5.2) means that the anisotropy introduced by steps plays no role at all for

this phase transition, i.e., at this concentration, the single-domain structure is completely destabilized

by surplus Au.

For the pure three-domain structure (i.e., without the appearance of
p

3-islands), the surface coverage

to 0.65 ML and a preparation sample temperature of <630 ◦C turned out to be optimal. While this

finding again agrees with previous results, it triggers some intriguing further questions about the role

of adsorbed surplus Au atoms, which seem to destabilize the single-domain structure and result in

optimal stability of the single (5×2) phase with three domains. They can not be resolved at this point.

Noteworthy, this surface calibration is highly correlated with plasmon dispersion. For comprehensive

plasmonic investigation, both single and triple domain surfaces were investigated and will be discussed

in Section 5.2.

Electronic Structure: Overview — Electronic properties of the Si(111)-(5×2)-Au surface have been

studied intensively in the last decade. However, similar to the surface structure, its electronic proper-

ties also have not yet been fully understood. Earlier ARPES measurements with 0.4 ML Au coverage

revealed a strongly dispersive parabolic band along the Au chains. This band possesses a Fermi surface

perpendicular to the Au chains, as expected for 1D metallic surfaces. [184,185] It has been shown that

upon Au adsorption, the Si adatom states at EF are replaced by Au-induced metallic states. [186] As a

result, starting already at 0.3 ML Au coverage, this surface is dominated by metallic properties. This is

directly related to the formation of local 5×2 islands, regardless of their small fraction at the surface.

It must be noted that the same behavior is highly improbable to happen on the stepped surface due to

restriction of the flow of local Au coverage between terraces and requires occupation of the majority

of terraces for stable wire array formation. As detected by ARPES, the metallic band stays almost un-

changed upon further addition of Au coverage up to 0.7 ML. This band, called S1 band, has an energetic
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minimum at the zone boundary. However, starting from 1.0 ML Au coverage, where the surface is en-

tirely covered by
p

3×
p

3 structure, these bands are modified to the bands associated with
p

3×
p

3

periodicity. [89] Since the
p

3×
p

3 is a 2D arrangement, the minima of the new band are shifted from

its origin. Moreover, the pseudogap on (5×2) structure at EF extends by magnitude of -1.1 eV from

EF for
p

3×
p

3 structure, this was preliminary related to quantum-well states. [187] 2D interaction of

adjacent electron packets inevitably modulates the Fermi surface. [185] This has been explained as a

strong hybridization of Au and Si substrate at higher binding energies. Due to its low symmetry, the

Au-modified surface state shows a clear spin polarization that goes beyond the conventional Rashbatype

spin-orbit interaction of Au. [188]

Figure 5.4: Electronic band structure measured with ARPES for various Au coverages on flat Si(111).
The observed band is assigned to the Au-induced metallic 5×2 superstructures. Darker
regions represent high photoemission intensity. Reprinted from Ref. [89] with permission.
Copyright 2001 by the American Physical Society.

No temperature-induced structural and/or electronic phase transition of this system has been ob-

served in the literature down to 20 K. [176] Notably, plasmonic absorption in IR becomes sharper by

lowering the sample temperature revealing the role of relaxation and phonon modes in plasmonic ex-

citations. DFT calculations showed that the metallic states are strongly localized in the vicinity of the

Au chains, but also slightly hybridize with the Si surface states. [163,164] Although the most elaborate

models, EBH and KK are in good agreement for the structure of occupied states, they differ strongly in

the unoccupied band structure. E.g., the EBH model shows higher energy and a steeper slope for the

unoccupied part of the metallic band. It should also be noted that the EBH model is basically a 5×1

structure where doubling of the ×1 periodicity opens a band gap at the unoccupied states, which is

similar to the KK model. The band gap opening is additionally increased by the number of Si adatoms

per unit cell. [163, 164] The compatibility of these theoretical models with the experimental plasmon

dispersion will be discussed in Section 5.2.

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

................................................................................
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5.2. Plasmonic Excitations in Si(111)-(5×2)-Au

The electronic properties of the Si(111)-(5×2)-Au surface have been extensively studied experimentally

with different methods such as ARPES, STS, IR, and also theoretically. [163–166, 172, 189–192] It is

worth noting that none of the experimental results are fully compatible with the calculated band struc-

tures. Refinement of models may be possible by more experimental data. Momentum resolved electron

energy loss spectra at a Au concentration of 0.60 ML adsorbed on a freshly prepared surface are shown

in Fig. 5.5. While a clear dispersing loss is seen in Fig. 5.5(a), i.e., along the [11̄0] direction parallel

to the wires, no dispersion feature was found in the perpendicular direction shown in Fig. 5.5(b). It is

worth mentioning that the present and previous reports show that this domain dominates this surface’s

metallic properties. The other two domains show the plasmon frequency as the main domain.
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Figure 5.5: Exemplary momentum-resolved loss spectra for Si(111)-(5×2)-Au surface recorded for ΘAu
= 0.60 ML in k|| (a) and k⊥ (b) directions. (c) Change of Drude background from pristine
Si(111)-(7×7) to 0.4 ML Au deposited surface at k|| = 0. The evolution of plasmon loss (or
metallicity) as a function of Au deposition recorded at k|| = 0.04 Å−1 is shown in (d). The
spectra were normalized to the elastic intensity and shifted against each other (except (c))
for better visibility.

The anisotropic behavior of the dispersion is very similar to that observed in Au atomic wires on vicinal

Si(111) surfaces at higher vicinal angles. Therefore, the dispersing loss observed here can safely be

assigned to the quasi-1D plasmonic excitation of the Au wires in the (5×2) structure. Notably, anisotropy

is preserved in all Au coverages up to 0.7 ML. The amplitude of the plasmonic excitation vanishes at k →
0, which shows the longitudinal character of the collective excitation. Only the structureless background

increases significantly (please note the semi-log scale) that follows closely an exponential dependence

on k||. This dependence is characteristic of metallic systems and is due to the continuum of low-energy
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electronic excitations. [57] Please note that also the Si(111) surface has a metallic surface state with

a low density of states. [193] Plasmon energy goes through a maximum at a finite k||, presumably

due to correlation effects and enhanced damping at large k||. [90] However, the extrapolation of the

experimental plasmon dispersion to zero energy at k|| = 0 is not fully compatible with the data due to

possible finite-size effects.

The growth mode with large (5×2)-ordered islands is corroborated by the evolution of loss intensities

as a function of Au coverage, as shown in Fig. 5.5 (d). The evolution of the plasmonic loss starts already

at a Au concentration above 0.2 ML. It is mainly the intensity of this loss that increases as a function of

Au concentration with marginal shifts in the energetic position, in agreement with the assumption from

above of phase coexistence between large islands of (5×2) and Si(111)-(7×7). These results demon-

strate that the metallicity of the Au covered Si(111) surface is fully developed at a Au concentration of

0.4 ML, i.e., at a concentration far below the saturation of (5×2). This is very similar to the observation

from ARPES experiments, in which a single nearly parabolic band was reported (see Fig. 5.4). [193]

They also agree with the results of Nagao et al. [194] for a nominal Au coverage of 0.44 ML for the

same reason.

For a qualitative fit of the plasmon dispersion, the free electron gas model empirically modified from

Eq. 5.1 following Ref. [195] as:

E(k) = ħh

√

√ 4ne2

(1+ ε)ε0m∗a2
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√
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√
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+

√

√

√

√2
N
∑
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K0(k||ld)

︸ ︷︷ ︸

wire array

(5.1)

Here, K0 is the modified Bessel functions of zeroth order and the second kind, d is the inter-wire

distance (or terrace width), a effective wire width, and a∗ is the constant for normalization. In a

simplified way, a∗
a accounts for the electron distribution around the wire, which is also related to the

physical width of the wire. Thus, taking this ratio as a free parameter, the obtained plasmon dispersion

was fit using the following input parameters: n= 1.46×107cm−1, m∗ = 0.36me, d = 16 and ε= (11.5+

1)/2 accounts the mean value of silicon and vacuum dielectric constant. Here, m∗ was directly obtained

from experimental ARPES band, S1 [89], and d has been used for the description of this system in Refs.

[23,196]. The resulting fit is given as the solid line in Fig. 5.6(a). n was derived using the same ARPES

bands via n = 2kF/π with kF = 0.23 Å−1. This yields confinement of the wire in a parabolic potential

with a width of the plasmonic ground state of 6 Å perpendicular to the wires. Although this model gives

a satisfactory fit to the experimental data, it cannot be correct since the plasmon dispersion fully crosses

the electron-hole continuum (green part in Fig. 5.6) derived with the same parameters as those used for

the plasmonic fit. Most importantly, this fit shows that an extrapolation of plasmon dispersion to zero

energy at k= 0 is possible for the 0.60 ML surface, while it deviates from this extrapolation for higher

coverages. The most pronounced reason is the distortion of wire length. The same fitting procedure was
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previously tested for the Si(hhk)-Au surfaces as well. [195] There only the Si(557)-Au surface showed a

reasonably small interaction with the single-particle excitation spectrum, while the Si(553)-Au surface

showed a similar behavior to the Si(111)-(5×2)-Au surface.
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Figure 5.6: Plasmon dispersion obtained for single-domain Si(111)-(5×2)-Au surface (a), triple domain
surfaces (b), and other higher Au coverages (c). The dashed line describes the fit from the
modified empiric 1D model as described in the text. The green area in (a) corresponds to
the electron-hole continuum zone derived particularly for this system; see the text for the
parametrization.

For Si(557)-Au, the overlap of the electron-hole continuum with the measured plasmon dispersion,

however, is barely outside the scatter of the experimental data so that here a description with the NFEG

model may be possible, which was in fact used in literature. [81] However, this coincidence between the

excitation spectrum derived from band structure calculations and the NFEG model seems to be unique

for Si(557)-Au.

5.2.1. Description within the NFEG: Comparison with the Theoretical Models

For a quantitative comparison between the measured plasmon dispersion and the calculated band struc-

ture, the close relationship between the upper edge of the electron-hole continuum and the plasmon

dispersion in quasi-1D systems has been employed. As already discussed in Section 2.2.1 in this ap-

proach, the quasi-1D array of wires is considered as a 2D electron gas that is confined to wires of finite

width by a periodic confining potential. Combining Eq. 2.23 and Eq. 2.24:

ω+(k||) =

√

√

√ω2
P(k||)(e

A(k|| − 1) +ω2
−(k||)

eA(k||)
(5.2)
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where A(k||) contains the Fourier transform of the confinement potential and the 2D wire array (see

Eq. 2.24). For this calculation, a harmonic confinement potential, and for modeling 15 wires, 7 left and

7 right from the central wire, were employed. The Fourier transformed Coulomb interaction (Vc(k))

was computed with d = 16 Å and b = 6 Å. ω− was obtained from the Au-induced band just below the

Fermi level in the calculated band structure of the EBH model with the assumption that this band can

be approximated by a parabola close to EF . This assumption is not critical for the determination of the

dispersion of ω+, since ω− has only a significant influence very close to EF . Therefore, for the single

band crossing EF , ω+ is expected to closely coincide with the unoccupied part of this band.

In Fig. 5.7, the numerically derived ω+, using the experimental plasmon dispersion (ωP), is com-

pared with the calculated band dispersions of EBH and KK models. Interestingly, an almost quantitative

agreement is obtained between the numerically derived ω+ and the undoped model of a Au-induced

(5×1) structure of the EBH model, at a Au coverage of 0.6 ML.
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Figure 5.7: DFT calculated electronic band structure for the EBH (left) and KK (middle) models. Nu-
merically derived ω+ is given in blue circles in both graphs. The rightmost figure depicts
the SBZ and reciprocal lattice vectors for (1×1) - dotted hexagon, (5×1) - (blue), (5×2) -
(red), and (5×4) - (green) surface unit cells. EBH and KK model band structures adapted
with permission from Ref. [163] and [164], respectively. Copyright 2009 and 2014 by the
American Physical Society.

Only the experimental slope is slightly higher than in theory. This is somehow expected since the

calculations have not been optimized for such approximation. However, one of the main uncertainty

might be the 5×1 periodicity, which does not consider dimerization of Au chains. The mentioned,

dimerization opens a gap at unoccupied states. In addition, according to the EBH model, the total

energy can be lowered by adding Si adatoms (or just two electrons per (5×4) unit cell) onto the gold

dimer chain. The existence of such adatoms has been verified by STM. [173, 177] According to the
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calculation of Ref. [163], however, this type of doping leads to multiple openings of band gaps that are

not compatible with the current data, in which no indication for band gap opening is seen. Assuming

that indeed the Si adatoms are necessary for stabilization of the structure, it seems that the effect of

band gap opening, if any, is much less drastic than in the simulated EBH model. Alternatively, it may

be that the (5×2) was formed without Si adatoms under our conditions of preparation. No systematic

variation of preparation parameters has been performed, however, to answer this question.

Within the KK model (see Fig. 5.7) the band gaps in the unoccupied band structure are even larger

than those calculated with the EBH model, which do not match the current data. Since also the slope

of the dispersion of the unoccupied band structure close to EF is far off the experimental data points

(see Fig. 5.7), this model is clearly not able to describe the experimental findings (namely plasmon dis-

persion). While various mechanisms (lifetime broadening, finite k-resolution, etc.) may make small

band gaps invisible in plasmon spectroscopy, the trend within the EBH model to form a set of very flat

bands with corresponding band gaps at large dimerizations allows to conclude that the dimerization

leading to the ×2 modulation must be significantly smaller than that postulated by the model calcula-

tions [163, 164], but this model is definitely compatible with the present estimation of the optimal Au

concentration (see Section 5.1).

Although the ideal filling of a (5×2) can only be realized by an integer number of adatoms per unit

cell, several experimental studies mentioned above obtained optimum coverages that correspond to

non-integer numbers for ideal filling, [178, 179] indicating that there may be an important role to

adatoms, as suggested theoretically. [163] Therefore, the role of additional Au exceeding the coverage

of 0.60 ML up to 0.70 ML was investigated.

Au Concentrations Above 0.6 ML — The experimental plasmon dispersion for Au coverages higher

than 0.60 ML are given in Fig. 5.6(b) and (c). The dependence of plasmon dispersion on Au coverage

turns out to be small but significant. When looking at Fig. 5.6(b), the increase of Au concentration from

0.60 to 0.63 and 0.65 ML leaves the dispersion curve virtually unchanged. Only in the limit k‖ → 0

there is a tendency for an increase of the energy values, as seen by the direct comparison with the 0.60

ML dispersion curve. This behavior is characteristic of the increased disorder caused by the excess Au

concentration, as seen in LEED. Disorder generally enhances scattering probabilities, also for plasmons,

and can lead to the formation of standing waves with a finite wavelength. In the simplest picture,

this means that there is a maximum wavelength plasmons cannot exceed, i.e., dispersion ends at finite

average k-value with a finite excitation energy. This finite k value increases with the density of defects.

In agreement with this interpretation, the deviation from the 0.60 ML dispersion curve gets larger at

small k|| with increasing surplus Au concentration (see also Fig. 5.6(c)). This interpretation of enhanced

scattering probabilities is also supported by the observation of an increased half-width of the plasmon

loss as a function of Au coverage, as shown in Fig. 5.8(a). An increased density of defects is expected

to reduce the plasmonic lifetime, thereby increasing the linewidth of the plasmonic loss, as observed.
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The relative increase of the FWHMs amounts to about 30 % and with a slight tendency to get bigger

at large k||. At k|| values above 0.03 Å−1 the dispersion curves seem to be unchanged by excess Au

apart from a small kink in the dispersion curve at a k|| value of 0.09 Å−1 (see Fig. 5.6(b)) that was not

visible in the dispersion curve at 0.60 ML (cf. Fig. 5.6(a)). This kink may indeed be an indication for the

opening of a small gap, which, contrary to the model with adsorbed Si atoms [163], is now caused by the

adsorption of additional Au atoms. This kink cannot be resolved any more when the Au concentration

is increased into the range of appearance of
p

3-ordered islands (Fig. 5.6(c)), possibly again due to the

influence of enhanced disorder. These comparatively small changes of dispersion by increasing excess

Au concentration indicate that extended islands with prevailing (5×2) order still exist, as also seen in

LEED. The intensity of the plasmon loss, however, is reduced both by enhanced diffuse scattering due

to disorder and by the formation of three domains. Both effects lead to enhanced uncertainties and an

increased scatter of data. No signs of an extra loss due to the
p

3-ordered islands was ever seen. Since

also these islands form a 2D phase before at total coverages above 1 ML 3D islands can be formed [183]

they are expected to exhibit a low-energy plasmon, if they were conducting. The absence of such a

plasmon indicates that they are insulating.
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Figure 5.8: FWHM (a) and intensities (b) of plasmonic losses, both plotted as a function of k|| for Au

coverages of 0.6 and 0.65 ML. Plasmon loss intensity was normalized to the elastic peak at
k‖ = 0.

Coming back to (5×2), the formation of three domains in a system with very limited order may also

lead to crosstalk between the domains so that there is a possibility for crossover from quasi-1D to 2D.

Although no plasmonic excitation was detected in the present work in k⊥ direction for Au concentrations

up to 0.65 ML, interestingly, a weak absorption feature for the polarization perpendicular to chains

was observed in IR experiments. [196] Similarly, crossover from 1D to 2D was reported from ARPES

experiments. [89] Some indication for such a behavior is the shift of the intensity maximum to higher k||
values, which corresponds to a redistribution of intensity in k-space, and the widening of this maximum,

as seen in Fig. 5.8. Also, there an influence of disorder cannot be ruled out.
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5.3. Doping-Induced Metal-Insulator Transition in Si(111)-(5×2)-Au

The Si(111)-(5×2)-Au surface shows some extraordinary features, which were partially addressed in

Sections 5.1 and 5.2. Another peculiar property of this surface is the high sensitivity to change of carrier

concentration. This was first observed in DFT calculations due to Si adatom doping, which drives a

metal-semiconductor transition. [162] According to that study, one additional Si adatom transforms

the parent 5×1 unit cell into 5×2, and the additional 0.5 elementary charges in the 5×2 band structure

results in multiple band gap openings above EF . Further increase of the concentration to one Si adatom

per 5×4 unit cell opens >100 meV energy gap at the Fermi level. Similar behavior was also observed

by IR spectroscopy, but after a surplus of Au onto the 5×2 surface. [196] There, the observed MIT was

explained as being connected with the structural transformation when increasing the Au concentration

from 7 Au atoms 5×2 unit cell to 8 atoms. Although the employed model is still under intense debate

(see Section 5.1), the observed redshift of the absorption maximum shows a clear signature of reduced

metallicity. However, due to the restriction of optical excitation to k|| = 0, no experimental evidence

for modification of plasmon bands was discussed in those studies. Considering the underlying question,

plasmon spectroscopy has been used as a complementary tool to study the modification of plasmonic

excitation by surplus Au atoms on this surface. Also, it is believed that further insight from plasmon

spectroscopy would enlighten the existing issues with an optimum Au concentration and related band

structure.

In this study, a significant dependence of MIT on the initial Au coverage was not observed. Starting at

0.6 ML Au coverage, we end up with a nonmetallic state following doping with surplus gold atoms. This

supports the idea that the band filling and the general form of the Au-induced metallic bands, mainly

in the occupied state, is the same for Au coverage of 0.6-0.7 ML. Therefore, the main factor of the MIT

is the amount of required additional charge to fill the empty states and opening of an energy gap at EF .

In Ref. [196], the opening of 300 meV energy gap after 0.1 ML surplus Au deposition was observed,

resulting in an insulating state. As shown in Fig. 5.9, the plasmonic excitation vanishes already after 0.07

ML surplus Au deposition. Notably, the existence of the Drude background for this coverage manifests

the residual of metallicity [193,197].

Since the 5×2 structure (or the main Au related band) loses its metallicity, the visible Drude back-

ground might be due to available free charge carrier from Si surface states, that was observed on the

pristine surface as well (see Fig. 5.5). However, annealing this nonmetallic state at 650 ◦C brings back

the metallicity. This proves that the additional Au atoms are not incorporated into the metallic chains,

while they can migrate to form the
p

3 structure, which seems to be insulating. The applied tempera-

ture is not enough for the diffusion of Au into the deeper surface. This finding is in accordance with the

result of diffraction studies, as shown in Fig. 5.10. The deposition of surplus 0.05 ML gold onto this sur-

face at RT slightly reduces the ×2 intensity or presumably increases background scattering. Subsequent

annealing brings about (
p

3×
p

3)R30◦ spots and almost recovers the ×2 intensity and therefore plas-
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Figure 5.9: (a) EEL spectra from the Si(111)-(5×2)-Au surface showing the redshift of plasmon fre-
quency at fixed k|| = 0.05 Å−1 as a function of surplus Au coverage. The starting gold
coverage was Θ = 0.60 ML. (b) shows the plasmon dispersion for 0.6 ML Au surface (black
circles) together with 0.02 ML surplus Au coverage (blue 9).

mon loss is also recovered. Another notable finding is the coalescing of surplus Au atoms into the
p

3

structure instead of transforming the surface to a multidomain structure. As discussed in Section 5.1, at

total 0.65 ML Au coverage destabilizes the single-domain surface into three domains. Meanwhile, the

present finding shows that the multidomain formation is also a well-defined procedure and is evidently

determined by the initial wire formation condition as same as a single-domain surface. As shown in

Fig. 5.9, the plasmon loss energy decreases almost linearly as a function of surplus Au coverage. Ex-

trapolation of the obtained data to E = 0 results in a critical surplus Au coverage of ∼0.11 ML, which

is in accordance with the previous report [176].

Besides, plasmon loss intensity in long wire sections is highly sensitive to induced disorder and, there-

fore, drops drastically following surplus Au deposition. Such disorder again appears as a finite size effect

on the plasmon dispersion after surplus Au deposition. Plasmon dispersion for optimum 0.60 ML Au

surface together with 0.02 ML surplus Au is shown in Fig. 5.9(c). The higher part of the plasmon disper-

sion is reduced by ∼10 % after 0.02 ML surplus Au deposition. Interestingly, short leveling off at ∼250

meV, which was observed for 0.63 ML, is also reproduced after surplus Au coverage, i.e., it depends only

on the total Au amount.

The formation of the small kink in Fig. 5.9(c) might be due to a small indirect energy gap between

the bands. On the other hand, such band gap is also highly sensitive to additional charges (or surplus

Au atoms). This might be a reason that it does not appear on the 0.60 ML optimal surface. The present

study shows that the plasmon loss on this surface can completely be vanished after 0.1 ML surplus Au

deposition up to the total gold coverage of 0.7 ML and does not require an additional Au atom incor-

poration into the unit cell of 5×2 structure. To test this statement, additional doping experiments were
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Figure 5.10: SPA-LEED patterns of the Si(111) surface with optimal 0.60 ML of Au coverage (a), after
deposition of 0.05 ML surplus of Au at RT and subsequent annealing at 650 ◦C for 5 sec
(b). Images were recorded at RT with primary energy of 138 eV.

conducted, this time with atomic hydrogen. These results are summarized in Fig. 5.11. It is apparent

that hydrogen doping also drives such a kind of MIT on this surface, even though ordered integration

of hydrogen atoms into atomic arrays and altering the atomic arrangement is highly unlikely. Therefore

the effect here can easily be related to charge doping. Noteworthy, the Si(111)-Au surface requires

half of the hydrogen exposure in comparison to the Si(553)-Au surface. [32] This can be explained

with higher adatom density and higher chemical reactivity of the present system. Although the doped

charge concentration is difficult to compare directly with Au doping, the observed redshift of plasmon

frequency is qualitatively the same. Moreover, as known from the previous studies ( [32, 33, 198]),

the direct interaction of H with Au chains is not favorable for Si(hhk)-Au surface. Considering the al-

most same structural motifs, the same might hold for the Si(111)-(5×2)-Au surface. This is another

indication that there may be no need for modification of atomic arrangement for MIT.

In Ref. [176], the metal to insulator transition was explained as a shift of the Fermi level from the

valence band maximum (50 meV) upward with a magnitude of 210 meV due to increased (or even

complete) band filling. This results in a ∼300 meV wide indirect energy gap at EF lying in between

the VMB (valence band maximum) and the CBM (conduction band minimum) of bulk Si. Although

this large band gap explains the reduction of the plasmon frequency, it is not enough to judge the

insulating state. A similar band gap opening was also observed for doping of this surface with surplus

Si adatoms. [199] There, the ARPES mapping of the occupied state showed such a gap opening at Si

adatom coverage close to 100 %, which rendered the final semiconducting state. Interestingly, doping

with Si, Au, and H shows almost the same result, regardless of different interaction possibilities, and

most probably, the charge transfer mechanism is also different. Notably, the effect of Au is much severe,

especially in comparison to Si. It also worth noting that the EBH 5×1 model as its present form (see

Fig. 5.7) cannot reproduce such an electronic band gap where 300 meV shift of EF might be required for

such transition. It should also be mentioned that experimental plasmon dispersion undermines the KK
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Figure 5.11: Exemplary EEL spectra from the Si(111)-(5×2)-Au surface showing the redshift and re-
versibility of plasmon frequency recorded at defined k|| = 0.07 Å−1 for different hydrogen
exposures (a). The spectra were normalized to the elastic intensity and shifted against
each other for better visibility. The results were obtained for the Au coverage of 0.60 ML.
(b) Change of plasmon energy as a function of hydrogen adsorption.

model, which has an extremely lower slope of the unoccupied metallic band for the clean surface. This

finding might be another standing point for further optimization of Si(111)-(5×2)-Au surface structure

and electronic properties.
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5.4. Summary and Conclusion

In summary, the present chapter investigated the low energy electronic excitations of the (5×2) phase

formed by Au wires on the Si(111) surface using plasmon spectroscopy. A slight miscut by 1◦ allowed

the observation of a single-domain surface, a necessary prerequisite for these detailed investigations.

It turns out that the whole range of Au concentrations from 0.2 ML up to 1 ML is governed mostly by

phase coexistence of the (5×2) with either the clean Si(111)-(7×7) or with the (
p

3×
p

3)R30◦ phases, in

agreement with earlier results on the phase diagram [179]. Only in a small concentration range around

0.60 ML, a single (5×2) phase exists. In addition to previous studies, the transition from a single to

multi-domain surface and the resulting change in the electronic properties were also investigated. While

no new plasmonic excitation associated with the
p

3 structures was detected, the plasmon dispersion of

the remaining (5×2) structure provides evidence of increased disorder above 0.60 ML and an opening

of a small band gap. The precise role of Au atoms at concentrations exceeding 0.60 ML that seem to

stabilize formation of three domains, however, can not be explained with the obtained results.

As this study shows, we can gain valuable information about the unoccupied part of the bandstructure

close to the Fermi level by studying plasmon dispersion. This part of the bandstructure, accessible to

plasmon spectroscopy, turned out to be much more sensitive to differences between various structural

models proposed for this system than spectroscopies of the occupied bands such as ARPES. Hence, the

presented study corroborated the validity of the EBH model that suggests a saturation coverage of 0.60

ML of Au, in agreement with the new coverage calibration and LEED investigations in Section 5.1.

In the second part of this chapter, the effect of doping on the electronic properties of this surface

was investigated employing surplus Au and H adsorption. The main effect of both adsorbates is charge

doping, which results in a redshift of the plasmon frequency. These results support the metal-insulator

transition in this system earlier reported [196], which required modification of the unit cell by adding

an extra Au atom per (5×2) unit cell. However, the present study shows that such a transition does not

necessarily require structural modification but can be rendered by just charge donation. This statement

was proven by atomic hydrogen doping. The latter showed almost the same trend of reducing plasmon

frequency even though such a small amount of hydrogen cannot drive any structural rearrangement,

which was also not observed by diffraction studies.

Considering that this system’s geometric structure and electronic properties are still under debate, the

discussions presented here strongly suggest the optimum Au concentration for stable surface structure.

On the other hand, a slight discrepancy between the calculatedω+ and band structure poses a question

about the correctness of the EBH model itself. Therefore, this study gives valuable insights into this

surface, which is highly essential for further optimization and understanding.
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Chapter 6
Gold-Induced Atomic Wires on Stepped

Si(hhk) Surfaces

T his chapter focuses on the structural and electronic properties of Si(hhk)-Au surfaces. At the begin-

ning, the surface structures will be verified using SPA-LEED and available DFT calculated structural

models. The extended SPA-LEED investigations are applied to study different Au concentrations on the

Si(775)-Au. In this regard, the crucial role of adsorbed Au atoms on the final structural properties will

be discussed. This will be followed by a detailed discussion on the plasmons on these surfaces. Since

a general overview of plasmonic excitations on the clean Si(hhk)-Au surfaces have already been given

in the recent literature [27,31], here only new findings and further insights are discussed. For this, Au-

induced low coverage wires (LCWs) and high coverage wires (HCWs) phases on the Si(553)-Au surface

have been considered as particular systems, and their excited-state band structures are compared with

the atomistic DFT calculations. Subsequently, plasmonic excitations on the Si(775)-Au surface will be

presented as a result of different Au concentrations. Before summarizing the findings from this chapter,

the effect of temperature on the plasmonic excitation will be briefly discussed.

6.1. Surface Structures and Properties

Unlike the slightly inclined Si(111) surface, the periodically stepped structure of Si(hhk) surfaces im-

posed by the off-cut are stabilized by the presence of metal adsorbates. Most importantly, the use of sta-

ble vicinal substrates inhibits the formation of multiple domains in chain growth. The remaining impor-

tant challenges are the increase in defects caused by excess or lack of metal coverage and/or the emer-

gence of bunched steps due to inaccurate heating procedures. Fundamentally, the number of Au atoms
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involved in the unit cell is the most relevant parameter for constructing a suitable structural model. The

widely accepted models for the frequently used Si(hhk) surfaces were first proposed by Crain et al. [65]

These models are still gaining updates following new experimental outcomes. [24, 25, 30, 200, 201]

Notably, all these models contain a common structural building block, a graphitic sp2 hybridized Si-HC

chain at step edges, which emerges upon Au evaporation. It has also been proposed that it is a main

structural block that drives the anisotropic surface reconstructions even on the nominally flat Si(111)

surface. [158] In the following subsections, the most relevant structural models, together with their

electronic structure, will be discussed.

Electronic Properties: Overview — Deposition of Au onto Si surfaces form metallic states that

dominate the whole electronic properties of the surface. The states near EF are particularly interesting

because they determine most electronic properties, such as conductivity, superconductivity, magnetism,

charge density waves. The surface state band is absent at the central Γ point, which is common to the

1×1 and
p

3×
p

3 lattice. In particular, this concerns the fine splitting of the Au-induced 1D conduction

band seen in ARPES, which was initially mistaken as the signature of the spin-charge separation in the

TLL. [17]
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Figure 6.1: Experimental ARPES maps of the electronic band dispersion for the most pronounced mem-
bers of the Si(hhk)-Au surfaces. The dispersions obtained with momentum transfer paral-
lel to the wires in the first SBZ, in the Γ → Y ′ direction. All bands possess an energetic
minimum at the zone boundary. Additionally, they (only the outer band for double chain
systems) show extra band splitting close to EF (E = 0). The Fermi surfaces are given on
top of the corresponding band dispersion. All surfaces exhibit almost linear Fermi surfaces
as expected for highly confined 1D metals. The minor undulations are the signature of 2D
coupling perpendicular to chains. The dark area in all figures corresponds to high photoe-
mission intensity. Adapted from Ref. [65] with permission. Copyright 2004 by the American
Physical Society.

However, with an improved experimental resolution, it could soon be shown that split bands do not

merge at the Fermi level, thus excluding the interpretation as spinon and holon branch of the TLL. [89] In

fact, all members of the Si(hhk)-Au family are characterized by split parabolic bands. [65] This splitting

was recently assigned to Rashba-type spin-orbit coupling caused by the strong spin-orbit interaction of
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Au. [24–26, 202–205] One of the main resemblances of Si(hhk)-Au systems is the number of atomic

stripes per terrace and the number of metallic bands in the vicinity of the Fermi level (see Fig. 6.1).

While for double Au chains, two bands have been observed, for the systems with a single Au chain,

one band lies at the Fermi level. However, in both cases, only a single band has been observed to

cross the Fermi level that gives rise to single plasmonic excitation on all surfaces have been investigated

here. Although the photoemission data for the Si(hhk)-Au systems suggest that the Au-induced bands

are located in the band gap of Si and show free-electron-like dispersion, atomistic calculations, using

the geometries derived from STM, consistently show that in none of these systems a free-electron-like

behavior should be expected. [26, 31, 33, 65] In all systems, there is a strong hybridization of the Au-

induced band(s) with the Si surface states. Consequently, band gaps of 0.1 to 0.2 eV open, which have

also been observed in experimental studies [202,206].

6.1.1. Si(553)-Au: Double Atomic Chain

The Si(553)−Au system is one of the most investigated 1D systems and a paradigmatic example of

fine engineering of self-assembled atomic-scale wires. [25, 27, 30, 93, 200, 207] The most reasonable

structural model the so-called dimerized Au-rows was proposed by M. Krawiec in 2010 [24], which

replaced the single Au-chain model at the coverage of 0.25 ML proposed by J. Crain et al. in 2003 [22].

The Krawiec model explained several ground state properties of this surface, such as the coupling of

the band gap with dimerization parameters. This model was soon replaced by S. Erwin’s spin-chain

model, which was structurally almost the same, while it was accounting for spin chains formed at the

step edge Si atoms. This model, which is shown in Fig. 6.2, predicted that every third Si step edge atom

possesses a half-filled electron orbital while others are filled completely. The half-filled bands are fully

spin-polarized, and their coupling across terraces and along the step edges was originally predicted to

form a ferromagnetic and antiferromagnetic ordering, respectively. [25] As evidence of these half-filled

orbitals, distinct unoccupied electronic states above the Fermi level were found in STS studies. [208,209]

The double Au chain model, which is formed at a Au coverage of 0.48 ML was strongly supported by

STM [208, 210] and diffraction [211, 212] studies. Previously, a gradual energy gap opening at low-

T was revealed by STS and ARPES measurements, which was consequently interpreted as a Peierls-

type metal-insulator transition associated with a periodic doubling of the Au atomic periodicity along

the terraces. [20, 213] However, the following studies eliminated this Peierls transition while a similar

transition was observed under different conditions. For example, a reversible transition between the

×3 ground state and the ×2 excited state periodicity due to tip-induced transient doping was found in

STM studies. [210] At a temperature lower than 80 K, the ×3 periodicity was also observed, which is

associated with the step edge Si atoms. [20,204,211]While the ×2 periodicity exists at RT and persists

at elevated T, the ×3 periodicity undergoes an order-disorder transition at T = 100 K. [201] Based

on the diffraction studies, the spin-chain model was also updated by revealing a centered structure at

low-T. [201] Subsequently, the rehybridized model was proposed. [214] However, the last two models
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have not put substantial changes in the previous models, so electronic band structure and strength of

hybridization is not modified. Spin ordering was found to be relevant only for the ground-state spin

pairing, which is not accessible with experimental techniques because the thermal fluctuation destroys

this ordering. Therefore, and considering that plasmon spectroscopy is not sensitive to spin ordering,

the Krawiec model [24] is accepted as a basis for the interpretation of plasmonic excitation in this thesis.
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Figure 6.2: SPA-LEED pattern and DFT calculated structural model for Si(553)-Au surface. The SPA-
LEED image was recorded at room temperature after 0.48 ML Au deposition at 630 ◦C. The
dashed yellow rhomboid depicts the 1×1 Si surface reconstruction that involves flat (111)
terraces with double atomic height steps. The 1D spot profile recorded through the 0,0 spot
in step direction is shown on the left side of the diffraction image. The right graph is the
energetically most stable model with a double atomic Au chain per terrace separated by 14.7
Å. In the right graph, yellow, red, gray, and light gray balls stand for the gold, Si-HC chains,
Si surface, and bulk atoms, respectively.

Fig. 6.2 shows a SPA-LEED pattern of the (553)-Au surface with 0.48 ML gold deposited. This is the

so-called high coverage wires (HCWs) phase. The diffraction pattern of the corresponding surface is

dominated by round and sharp spots related to the Si step train. The sharpness of spots is an indication

of well-ordered surfaces. These spots form an oblique 1×1 surface unit cell with the corresponding

dimension as:

2π/14.7
︸ ︷︷ ︸

a112̄

×2π/3.84
︸ ︷︷ ︸

a11̄0

The spot splitting of 22.6 % SBZ (surface Brillouin zone) for the HCWs phase corresponds to the

following periodicity:

4
1
3

a112̄ / cos 12.5◦ = 14.7Å (6.1)
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Here, a⊥ = 3.32 Å is the substrate unit cell along the [112]-direction. The terraces are separated

by steps with a height of 3.14 Å. The first order spots are interlaced by the two-fold periodicity of Au

atoms. These so-called ×2 streaks, which reflect the dimerization of the Au double-chains along the

[110] direction. Since ×2 is composed of metallic atoms they determine the metallicity of the surface.

Moreover, its intensity and width are highly responsive to small deviation from 0.48 ML coverage as

well as to changes in the preparation condition. Depending on the preparation (namely temperature

treatment), several facets such as (111) and (331), were previously observed on the Si(553) surface

[156]. Nevertheless, in the scope of this thesis, only a (
p

3×
p

3)R30◦ periodicity associated with large

(111) terraces was observed for >10 % additional Au coverage (see Section 8.1.2).

The double gold chain produces two metallic bands that are strongly dispersing in the direction par-

allel to the gold chains with minima at the boundary of the 1×1 Brillouin zone, as observed in pho-

toemission (see Fig. 6.1). Only one of them seems to cross the Fermi level and gives rise to quasi-1D

metallicity. [25] This band is historically numbered as a S1,2 band while it is slightly split by the spin-orbit

interaction. [25, 89, 206] Moreover, an antiferromagnetic ground state is predicted theoretically along

the step edge Si-HC chains. [25] Contrary to an earlier model with a single Au strand, the dimerized

double Au chain model reproduced the band structure better and showed that the S1,2 and S3 bands

are all related to Au-induced surface bands. [24] The origin of the Rashba split S1,2 bands was also

supported within this model. [163] At the step edge, Si atoms are packed into a graphene-like honey-

comb chain with a pair of dangling bonds per sp2 hybridized Si step edge atom, which shows at low

temperature intrinsic magnetic ordering with ×3 periodicity. [25] The latter has also been interpreted

as a consequence of a diamagnetic sp2 + p hybridization. [214] The well defined Fermi surface and

band dispersion, as shown in Fig. 6.1, prove its comparatively high stability and anisotropic metallicity.

The slight modulation of the Fermi contours was assigned to lateral interaction of wire arrays similar

to Si(111)-(5×2)-Au. The relation of the aforementioned electronic bands with the plasmon dispersion

will be discussed in Section 6.3.

Crucial Role of Gold Coverage — The effect of Au concentration on the resulting surface structure

has been tested using SPA-LEED by slightly varying the Au coverage. It was found that only 0.03 ML

deviation from the optimum (0.48 ML) gold coverage is already enough to see minor changes in the

diffraction pattern. Surface preparation with the same procedure but now with 0.44 ML Au coverage,

resulted in streaky step train spots in the (112̄) direction. Also, the intensity and width of the ×2 streaks

are highly sensitive to the Au coverage, as shown in Fig. 6.3(a). As a result, lower intensities and broader

half-width suggest less wire quality and shorter length of correlation due to inadequate Au coverage.

Furthermore, the ×2 streaks appear as wiggled for slightly less Au coverage, as shown in Fig. 6.3(e-c).

Increasing the Au amount to a surplus coverage deposited at the same elevated temperature eliminates

the intensity modulation and increases the ×2 intensity. 1D line profiles of ×2 streaks along (11̄0)

direction were recorded with small steps in the (112̄) direction. These line profiles are illustrated in
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Fig. 6.3(f), which show the left and right maxima of the wiggled ×2 periodicity. Interestingly, this

wiggling shows a periodicity of the step distribution. This implies a short range correlation between the

adjacent chains in the lack of Au atoms. On the other hand, correlation along the chains, which is more

important for the present case, is reduced at lower Au concentration. Although exact reason of this

increased lateral correlation cannot be given here, it can be speculated as following: A slight deviation

from the required amount results in lasting stacking faults in chain structure due to a missing atom.

In the lack of Au atoms the formed chains might exchange their periodicity to compensate the energy

cost. Although surplus Au atoms increase integrated intensity the observed phase shift is not recovered.

Further increase of Au coverage results in a (
p

3 ×
p

3)R30◦ structure, as shown with the red circles

in Fig. 6.3(d). Moreover, at insufficient coverage the faint ×3 streaks also appear. Noteworthy, such

apparent sensitivity of Si(553) to Au coverage makes it highly unique for using it as a model surface

for further surface optimization. Not only are the structural changes observed for these tiny changes

of Au coverage, but plasmon frequency also shows particular sensitivity to the Au concentration (See

Fig. B.5).
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Figure 6.3: 1D line profiles for the×2 streaks measured parallel to the steps at Au coverages of 0.42, 0.44
and 0.48 ML (a). SPA-LEED patterns for different Au coverages on Si(553) recorded at RT
(b-e). In (a), the surfaces were prepared with the same procedure; only the Au concentration
was different. In (b-e), the surfaces were prepared by adding surplus coverage at 630 ◦C.
In (b), blue and green arrows stand for the ×2 and ×3 periodicity, respectively. Red circles
show the (

p
3 ×
p

3)R30◦ structure. (f) shows four line scans recorded for the wiggled
sections indicated by the lines of the same colors in (d). Please note that images (b) and
(c-e) have been recorded with different interaction time.

LCWs Phase on Si(553)-Au — Deposition of 0.19 ML Au onto a well annealed Si(553) surface forms

a new metastable surface, the so-called the low coverage wires (LCWs) phase. Although its coverage is

similar to that which was primarily estimated to be optimum (0.24 ML, [22]) for a single wire structure

on the Si(553) surface, its surface structure and properties are rather different. First of all, Au atoms
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still form double Au chains (as in the HCWs phase) instead of single chains. However, due to the lack

of Au atoms, the surface forms Au-free terraces with a width of 51
3 a⊥ and only every second terrace is

occupied by double Au strands forms 42
3 a⊥ wide terraces. The latter is the same as on the HCWs phase.

These two different terraces result in spot splitting of diffraction spots of 10 % of SBZ (see Fig. 6.4).

This corresponds to the following periodicity.

9
2
3

a112̄ / cos 11.3◦ = 32.7Å (6.2)

The Au-free terraces exhibit a ×5 modulation of Si(111) terraces, while the dimerized Au chains at

the occupied terraces give rise to the half order streaks (×2) in the diffraction pattern, Fig. 6.4. In

order to maintain the macroscopic (553) orientation, either steps in opposite direction or wider (111)

terraces must be inserted. While opposite steps will not be visible in LEED, there is no indication for

long (111) terraces. The resulting surface is (11 11 7), which has a slightly wider terrace width than

the (553) orientation. Although this macroscopic change might induce step bunching, the Au-induced

atomic chains still show long-range ordering, which was proven by plasmon spectroscopy. [27,215]

[112]

↑↑
[110] 

10.5 %SBZ

×2

Figure 6.4: Left: SPA-LEED pattern of the LCWs phase recorded at RT. The rightwards and leftwards
arrows depict the ×5 and ×2 periodicity, respectively. Right: Structural model of the top-
most atomic layer of the same surface. Yellow and blue balls correspond to Au and Si atoms,
respectively. The (11×10) surface unit cell and the terrace width are highlighted with a rect-
angle and dashed lines, respectively. Dotted circles indicate the position of the Si adatoms.

The structural model for the LCWs phase was first proposed by Song et al. [216] and later on successfully

used to describe the plasmonic excitation on this surface. [27] There, the formation of double Au chains

instead of single Au chains by leaving every second terrace uncovered was explained as a strain-induced

effect. In fact, surface stress is much more sensitive to surface relaxation than to surface energy. [217]

Notably, the formation of two different kinds of terraces in the LCWs structure underlines the importance

of surface stress for the whole surface geometry. Similar to the HCWs phase, on the LCWs surface the
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occupied terraces possess undistorted Si-HC chains while the empty terraces have three different kinds

of holes with the Si atoms in the three-fold coordination (depicted by dashed circles in Fig. 6.4). The

position of these Si-adatoms in the 5×5 structure is the same as in the dimer-adatom-stacking-fault

(DAS) structure. [126] The latter brings higher chemical reactivity to this surface (see Section 7.3.4).

The experimental ARPES bands of this surface together with the calculated ones are shown in Fig. 6.5.

Comparing the LCWs and HCWs band structures, the S1,2 and S3 states of the HCWs phase can be

identified in the LCWs phase as well. However, it becomes evident that because of the five-fold folding

and hybridization with the Si atoms, some rearrangement occurs. This behavior is the same as observed

in other calculations. [206] Similar to HCWs surface here also Au bands are hybridized mainly with Si

step edge states (S4 band in Fig. 6.5).
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Figure 6.5: (a) Experimental electronic band structure for the LCWs phase on the Si(553)-Au surface
obtained from experimental ARPES. (b) The DFT−PBE band structure was calculated for
the LCWs system in a smaller energy window close to the Fermi energy (black dashed line).
In (b), the Γ → Y ′′ direction in the LCWs system is roughly parallel to the Au chains. Figure
(a) adapted from Ref. [216] with permission.

6.1.2. Si(775)-Au: Double Atomic Chain

The (775)-Au surface is also one of the most known members of the Si(hhk) family. However, its

structural and electronic properties have been addressed only in a few studies and require substantial

verification. Considering this issue, a detailed structural investigation has been conducted by employing

SPA-LEED. The Si(775) surface is 8.5◦ inclined from the Si(111) surface towards the [112] direction.

Previously, a Au coverage of 0.24±0.03 ML was determined for stabilization of Si(775) reconstruc-

tion. [218] This coverage produces large regions of (775)-Au with an intermittent minority of the (443)

facets. The (443) facets are approximately 1◦ off the (775) orientation (see Fig. 4.6), which stabilizes to

the (775) facet with increasing Au coverage. [219] Following this work, it was revealed that the depo-

sition of 0.32 ML of gold onto the annealed surface forms the most stable structure [65], the so-called

optimum coverage wires (OCWs). 2D LEED pattern for this coverage, together with the corresponding
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surface structure, is presented in Fig. 6.6. The diffraction pattern is dominated by equally separated

sharp and round spots originating from the Si step train.
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Figure 6.6: SPA-LEED pattern (left) and structural model (right) for the Si(775)-Au surface at the Au
coverage of 0.32 ML. The SPA-LEED image was recorded at room temperature. The 1D spot
profile recorded through the (0,0) spot along the terrace is shown on the left side of the
diffraction image. The dashed orange rhomboid indicates the 1×1 unit cell that involves
flat (111) terraces separated by steps of double atomic height. In the right graph, yellow,
red, blue, and green balls stand for the gold, Si-HC chains, Si-adatom, and Si-restatoms,
respectively. Other Si surface and bulk atoms are shown with the dark and light gray balls,
respectively. While this model does not replicate the 1/3 periodicity observed in electron
diffraction, it is a generally accepted model that almost explains the plasmon dispersion (see
Section 6.4) and other electronic properties [30].

Similar to the previous surfaces, these spots form an oblique 1×1 unit cell with dimensions of:

2π/21.3
︸ ︷︷ ︸

a112̄

×2π/3.84
︸ ︷︷ ︸

a11̄0

Their splitting in the (112̄) direction yields 15.7 % of the SBZ, which corresponds to a step-step

distance of:

6
1
3

a112̄ cos8.5◦ = 21.3 Å (6.3)

It should be noted that its atomic structure originally was adapted from the Si(553)-Au surface with

one double-Au strand per terrace and a graphitic Si-HC chain at the step edge. The terraces on Si(775)-

Au are wider, 21.3 Å, 1.5 times as wide as on Si(553)-Au. This additional space is equivalent to two

additional silicon unit cells and hence opens the door to structural motifs not found on the Si(553)-Au.

This comprises the adatom and rest atom chains with 2×a11̄0 periodicity along the terraces. The latter
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makes this surface similar to the Si(557)-Au surface, while on Si(775), the Si adatom chains appear

only after Au deposition, see Section 4.7.1. Their exact contribution to the diffraction pattern cannot

be resolved here since they also form ×2 periodicity as the dimerized Au chains.

On the other hand, the weak correlation across terraces results in the streak-like appearance of the

×2 periodicity, which adds up another difficulty to that issue. The presence of the Si adatoms on this

surface was also confirmed by STM studies. [30] Another interesting feature of this diffraction pattern

is the modulation of the ×2 streaks perpendicular to the terraces. This periodicity corresponds to 1/3

of the terrace width. The construction of this periodicity in real space requires three spatially separated

Au-induced periodicities at a single terrace. However, no such periodicity has been reproduced in the

DFT calculations [220]. As shown in Fig. 6.10, upon adsorption of surplus Au at RT and subsequent

annealing the step periodicity changes by formation of a new facet. Interestingly, the modulation of ×2

normal to the terraces remains unaltered even after modification of the step periodicity. Although it is

quite an interesting feature, it has to remain unsolved at this stage. Investigation of this surface in the

temperature range between 5-300 K revealed no new periodicity and/or phase transition. [30]

Similar to Si(553)-Au, Si(775)-Au also possesses two parabolic electronic states below EF . [65] From

the mentioned photoemission data, which is shown in Fig. 6.1, it was not clear whether the system is

indeed metallic, since both bands do not seem to cross the Fermi level, but to hybridize with Si surface

states just below the Fermi level. However, recent plasmon studies, together with DFT calculations,

proved the metallicity of this surface. [31] Moreover, the observation of only a single plasmon loss in

energy loss spectra (i.e., see Fig. 6.17) supports that only one of those bands crosses the Fermi level. DFT

calculations showed that both the quasi parabolic Au-induced bands (S1,2 and S3) strongly hybridize

with the Si surface states localized mainly at the Si-HC and the restatoms (see Fig. 6.18). This hybridiza-

tion leads to band gap opening in the occupied states and to the result that the S3 band hybridizes with

the honeycomb chain in the middle of the BZ around −0.4 eV. S1,2 band mixes at slightly higher energy

with this state close to the BZ boundary and forms a very small band gap. [31] As a common feature

for Au-induced superstructures on Si surfaces, this surface also exhibits a spin-orbit coupling showing

Rashba type splitting in photoemission spectra. The details about DFT calculated bands and their rel-

evance to plasmon dispersion, mainly with respect to modification of plasmon bands, will be given in

Section 7.5.

6.1.3. Spot Profile Analysis of Si(775)-Au

For a detailed investigation of the 0.32 ML Au adsorbed Si(775) system, spot profiles were recorded

for different scattering phase S values, as shown in Fig. 6.7(left). The shown different energy scans

were recorded with the momentum transfer perpendicular to wires for studying the lateral terrace dis-

tribution. From this measurement, no other facets are visible. Knowing the sensitivity of SPA-LEED to

long-range correlation, this implies that the only macroscopically arranged orientation is (775). The

observed diffraction rods show only a minor intensity modulation, which indicates very good surface
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quality. The slight bending of the Ewald rods at the edge of the image is due to the imperfect alignment

of the electron beam over a broad energy range (i.e., 35 eV ÷245 eV) and to the typical pillow distortion

in SPA-LEED geometry. Beyond this, the straightness of these rods proves the perfect cut direction or

inclination of the bare surface.

In order to obtain more information, the line profiles in the (112̄) direction were extracted for the

central five diffraction rods as numbered in Fig. 6.7. For data extraction, these line profiles were fit

with Voigt functions. In this fit routine, the instrumental broadening is taken into account by the Gaus-

sian function, where the FWHM and intensity of the Lorentzian part yield information on the lateral

arrangement and vertical roughness, respectively. This fit procedure is exemplary shown for S = 5.6 in

Fig. 6.8(right). From this fit, FWHMs of the Lorentzian part are collected and illustrated in Fig. 6.8. The

presented data is after subtraction of the instrumental broadening that was estimated to be ∼0.01 Å−1.

Based on this data, the minimum range of the lateral ordering was evaluated using Eq. 3.22, which

considers a multi-level surface arrangement. This estimation yields ≥ 270 Å, which is very similar to

the value obtained for Si(553)-Au in Ref. [221].
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Figure 6.7: Left: Reciprocal space map for the Si(775) + 0.32 ML Au obtained using SPA-LEED at phase
S = 4.5÷8.5 (E = 77÷276 eV). The inclined Ewald rods correspond to the (775) orienta-
tion. The direction and position of the extracted line profiles are shown with white line and
numbers. The white dashed line approximates the expected Ewald rodes. Right: Exemplary
1D spot profile extracted from the different energy scan for S = 5.9. The fit line corresponds
to the fit procedure, as shown in Fig. 6.8(right).

The FWHM of diffraction spots does not show well-defined sine oscillation or any other systematic

variation as a function of the scattering phase S. This behavior also closely resembles the observation

on the Si(553)-Au surface showing a nonhomogeneous terraces distribution. Although the estimation

of the terrace width is not straight forward, the diffraction pattern shows that the step-step correlation
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on the Si(775) surface preserves its periodicity upon 0.32 ML Au evaporation. Moreover, Au shows a

healing effect resulting in a better step periodicity. The same procedure was applied to extract the cor-

relation of wire structures along the terraces. Since in this direction, the diffraction appears only at the

in-phase condition or integer values for phase S, only these line profiles are shown in Fig. 6.8(middle).
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Figure 6.8: Left: Variation of the FWHMs of Lorentzian part as a function of the scattering phase S,
shown for S = 4÷8. Middle: 1D line scans through the central spot recorded in the direc-
tion parallel to the steps for various phase S. Right: The fitting routine applied to extract
parameters from the 1D spot profiles.

Au Concentrations Above 0.32 ML — Now turning to the effect of Au coverage on the resulting sur-

face structure, several surface coverages have been tested following Ref. [220]. There, more than 100

different Au coverages were optimized, revealing a phase diagram of Au-induced wire structures on

this surface. According to the calculated structural models, the dimerized Au strands persist up to 0.56

ML surface. The following coverage, however, dislocates the dimerized Au atoms on the terraces. As a

result, the whole surface becomes structurally isotropic. Thus, the excess Au atoms adsorbed on differ-

ent terraces nearly connects the neighboring terraces by lifting off the Si-HC chains at the step edges.

The latter suggests that the almost full coverage surface at a concentration of 0.96 ML Au may show

isotropic electronic properties. However, it turns out that the full coverage surface is highly misoriented

in both directions. In addition, the first principle calculations show that even at 1 ML Au concentration,

the step separation does not produce different variations.

In order to test the Au concentrations proposed by theory, the surfaces were prepared in the same

condition, but only the Au amount deposited is different. Exemplary SPA-LEED patterns for 0.56 ML

and 0.65 ML coverage are shown in Fig. 6.9. Diffraction patterns for other tested surfaces are given in

Fig. B.1. The diffraction elements explained in the previous section were also observed for all higher

coverages, though, with different quality. First of all, by increasing the Au coverage, the 1/3 periodicity

(normal to terraces) fades out and completely disappears at 0.56 ML Au concentration. The ×2 streaks
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gain more intensity up to a Au concentration of 0.40 ML, then it declines again for higher coverages.

This trend was previously observed in RHEED experiments as well. [222]Moreover, the 0.56 ML surface

shows continuous ×2 streaks similar to those found on Si(553)-Au. The non-periodic intensity modula-

tion of the ×2 streaks along the [112] direction might be attributed to the random terrace distribution,

which was also seen for other coverages and exemplary discussed for the OCWs surface. Moreover,

by going away from the 0.32 ML Au coverage, the Si step train spots elongate in the [112] direction,

which shows the distortion of step edges. This might be due to the adsorption of an excess amount of

Au atoms at the step edges. Preliminary calculations have also shown that the step edges are the most

favorable side for adsorption of additional Au atoms on OCWs. Although post-annealing the ΘAu > 0.56

ML surfaces at 800 ◦C, helps for the accumulation of excess Au atoms in the
p

3 structure, the distortion

(elongation) of step train and step bunching are not fully reversed.

Among others, the most interesting coverage is the 0.56 ML surface. This coverage is between the

OCWs and higher coverage surfaces with the presence of
p

3. The calculations predicted that at this Au

concentration, the surface hosts Si-HC, adatom, and restatom chains and double and single Au strands,

which occupy almost the whole terrace. Due to the spatially separated two Au chains, two distinguished

diffraction elements or at least a modulation of the original ×2 streaks were expected, but were not

observed. This indicates that, contrary to the theoretical modeling, in reality, in the presence of excess

Au coverage, the refacetting of (775) orientation and the generation of new terraces are energetically

more favorable than a new periodic structure formation.
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Figure 6.9: SPA-LEED patterns of the Si(775)-Au surface at a Au concentration of 0.56 (a) and 0.65 ML
(b). Images were recorded at RT with 138 eV primary energy. (c) 1D spot profiles of the ×2
streaks recorded for different Au coverages along the terraces.

Another interesting additional structural motif is the ×3 periodicity that appears for 0.96 ML Au

deposited surface. In a simple approach, occurrence of the faint ×3 streaks might be due to accommo-

dation of non-registered Au atoms at narrow (111) terraces and/or directly at the step edges. These

streaks disappear upon subsequent annealing at 800 ◦C. This might be due to either desorption of ad-
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ditional Au atoms and/or again accumulation into
p

3 structure. On the other hand, the correlation of
p

3 spots is also destroyed by this annealing step. It was found that at the Au concentration of 0.96

ML, the regular step structure undergoes step bunching before the postanneal step. Annealing 0.96 ML

surface at 800 ◦C for a few second intensifies and triangulates the appearance of
p

3 spots (see Fig. B.1),

which shows the formation of ordered islands. The
p

3 spots show a characteristic splitting in the [110]

direction, which is more visible at the Au coverage of 0.65 ML (see Fig. 6.9(b)). Their separation yields

∼6.5 % of the SBZ resulting in ∼50 Å correlation length along terrace. No long-range correlation of
p

3×
p

3 perpendicular to terraces was observed. The formation of
p

3 islands require large terraces. In

this particular case, increase of the intensity of the first order spots up to 0.56 ML Au deposition implies

additional narrower terrace formation, therefore, the formation of a large terrace could be possible. On

the other hand, the 1×1 spots lose intensity for the > 0.56 ML surface, most probably due to random

adsorption of Au atoms at steps.

Close inspection of the spot splitting show that the terrace width of 21.3 Å for the 0.32 ML Au coverage

contentiously decreases as a function of increasing Au coverage. The tendency of this reduction displays

the following trend.

21.3Å
︸ ︷︷ ︸

0.32 M L

−→ 19.8Å
︸ ︷︷ ︸

0.40 M L

−→ 17.55Å
︸ ︷︷ ︸

0.48 M L

−→ 14.8 Å
︸ ︷︷ ︸

0.56 M L

−→ 14.54Å
︸ ︷︷ ︸

0.65 M L

−→ 14.48Å
︸ ︷︷ ︸

0.96 M L

Evidently, the terrace width decreases quickly up to 0.56 ML coverage from where it stays almost

unaltered for the further coverages. The obtained value of 14.8 Å at 0.56 ML, is the same as the terrace

width of the Si(553)+0.48 ML Au surface. These findings show the metastability of the Si(775) against

Au coverage, which seems has a strong effect on the restabilization of this orientation. These results are

similar to the previous reports. [223, 224] There, the authors showed that the (775) facet is stable up

to a Au concentration of 0.40 ML, then refacets to the (553) and (111)-5×2 periodicity. The latter also

transforms into the large (111) terraces in the presence of the
p

3 ×
p

3 structure and residual (553)

orientation upon further Au deposition. However, no 5×2 was found in the present study. Similar

metal-induced refacetting of stepped surfaces have also been reported in literature. [219,225,226]

Refacetting and distortions of this surface were also found after deposition and annealing of a surplus

Au coverages, as shown in Fig. 6.10. The deposition of additional Au at RT reduces the ×2 intensity,

which is accelerated by annealing at 700 ◦C. This shows that additional Au atoms have low mobility at

RT, so that they cannot form a new ordered structure, but are mainly randomly adsorbed and reduces

surface perfections. The subsequent annealing also introduces a clear diffuse background to the first

order spots. Moreover, increased background, as shown in Fig. 6.10(inset), is also evidence of random

adsorption. On the other hand, increased mobility at high temperatures leads to the destruction of

step periodicity and a new facet formation, as shown in Fig. 6.10(b). The spot splitting for the new

periodicity again indicates the (553) orientation in addition to the large (111) terraces. Although no

enhancement of the structural ordering after doping with surplus Au has been observed, doping at RT
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does not significantly alter the long-range correlation along the wires (see Fig. 6.10(a)). Such enhance-

ment was seen in experiments and supported by DFT modeling on Si(553)-Au [227], which also has

dimerized Au chains, and will be discussed in Section 8.1.1. The only feature that remains unchanged

after the annealing step is the 1/3 modulation of the ×2 streaks, as shown in Fig. 6.10(c). This shows

the still existence of the (775) terraces and proves higher stability of Au-induced structures on those

terraces.

Figure 6.10: Set of 1D diffraction profiles for the Si(775)-Au OCWs surface. (a) Line profiles of the
×2 streaks along (11̄0) as a function of surplus Au coverage. The inset shows a direct
comparison of ×2 peaks, marked by the dashed rectangle, in a linear scale. (b) Line scans
in the (112̄) direction for the clean and 0.1 ML surplus gold deposited and subsequently
annealed surface. a⊥ = 21.3 Å and a∗⊥ ≈ 14.7 Å. (c) Line profiles recorded along the ×2
streaks for the clean surface and after surplus Au deposition and annealing. The color
coding is the same in all graphs.

6.1.4. Si(557)-Au: Single Atomic Chain

The Si(557)-Au surface is among the most studied stepped Si surfaces. Its atomic structure has been

thoroughly proven by x-ray diffraction and supported by theoretical studies. [65,228,229] Adsorption of

0.18 ML Au onto freshly annealed Si(557) surface generates a LEED pattern characteristic of a regularly

and singly stepped Si(557)-Au surface with considerably improved order compared to the clean surface

mainly by a pairing of the Si atoms in the adatom row, which generates sharp ×2 streaks in the LEED

pattern. [228,230] The lack of phase coherence between adjacent adatom rows gives rise to a streak like

view instead of diffraction spots. The resulting SPA-LEED pattern and the structural model are given in

Fig. 6.11. The sharp and round spots represent the Si step train. These spots form an oblique unit cell
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for the underlying Si substrate, which has the following size:

2π/18.9
︸ ︷︷ ︸

a1̄12

×2π/3.84
︸ ︷︷ ︸

a11̄0

The splitting of the step train spots in the (1̄12) direction is equal to ∼18 % of the SBZ, which corre-

sponds to the following step periodicity:

5
2
3

a112 / cos9.5◦ = 18.9 Å (6.4)

This estimation is in accordance with previous studies on Si(557)-Au. [23, 231] The right part of

Fig. 6.11 presents the commonly accepted structural model of Si(557)-Au that has also been used for

electronic calculations in this thesis.

k
x 
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 π

/
a 1
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Figure 6.11: SPA-LEED pattern and DFT calculated structural model of the Si(557)-Au surface. SPA-
LEED image was recorded at RT after several flash annealing and corresponding Au cov-
erage deposition at 630 ◦C. 1D spot profile recorded through 0,0 spot along the terraces
shown in the left side of diffraction image. The dashed orange rhomboid indicates the
(1×1) surface unit cell that involves flat (111) terraces separated with single atomic height
steps. In the right graph, the yellow, red, blue, and green balls stand for the gold, Si-HC
chains, Si-adatom, and Si-restatoms, respectively. Other Si surface and bulk atoms are
shown with the gray and light gray balls, respectively.

As all Si(hhk) surfaces, Si(557) also forms Si honeycomb-like chains at the step edges. Additionally,

only every second dangling bond at the step edge is fully occupied. [65] Furthermore, Si adatom/restatom

rows with a single dangling bond per atom run on the terraces parallel to the Au wires. The latter exists

on the pristine surface as well. These free bonds make this surface chemically more reactive with respect

to other similar surfaces. [65] Additionally, it has also been shown that increasing the Au coverage a

structural transition to the admixture of Si(111)-(5×2)-Au and Si(335)-Au happens along with the de-
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velopment of a new metallic band. [185,199] Further increase of Au coverage ends up with fully covered

Si(111)-(5×2)-Au exhibiting a new energy band, which shows a maximum photoemission intensity at

Au coverage of 0.39 ML. [173] The electronic properties of this surface were preliminarily studied by

Segovia et al. using ARPES. [17] There, the authors observed a half-filled band dispersion only along the

atomic chains, crossing EF with a strong anisotropic 1D metallic character. Since the pristine Si surface

is a semiconductor, the observed single band was assigned to Au involving 6s electrons. As shown in

Fig. 6.1, the observed single band splits into two branches (here and after S1 and S2), which was initially

taken as a signature of collective excitation of spinon and holon of a Luttinger liquid. It was also found

that these two bands show slightly different band filling, 0.49 for S1, and 0.42 for S2. [65] However,

subsequent high-resolution photoemission data revealed no merging of these two branches at the Fermi

level; instead, they cross EF at two individual points close to the BZ boundary. [29,65,232] This latter

observation undermined its possible explanation as a Luttinger liquid. Moreover, in a few preliminary

studies, this system was found to undergo at LT a Peierls transition, associated with a periodic lattice

distortion due to electron-phonon interaction. [232–234] Later on, Nagao et al. measured a single al-

most linear plasmon dispersion on this surface, which is accessible only with the momentum transfer

parallel to the steps proving the anisotropic nature of this surface. [23] Although the authors revealed a

strong impact of the exchange-correlation function on plasmon dispersion, the origin of metallic states

hosting plasmonic excitation could not be determined. The latter question will specifically be addressed

in Section 7.4.3. Moreover, the Fermi surface of this system also exhibits slight wiggling (see Fig. 6.1)

that can be interpreted as weak 2D inter-wire coupling and interaction of Au and Si surface states. The

band structure of the Si(557)−Au surface is characterized by two states that cross the Fermi level. [235]

A gold−adatom hybrid band crosses the Fermi level close to the Brillouin zone boundary. A restatom

band crosses the Fermi level with an extremely flat slope close to the Γ point and is thus less relevant in

plasmon spectroscopy. Otherwise, this surface remains metallic at low-T, i.e., no metal-insulator tran-

sition and/or periodic lattice distortion have been observed as a function of temperature. [236] This

finding also eliminated the discussions about periodic lattice distortion and/or the MIT at LT.

6.2. Quasi-1D Plasmons in Si(hhk)-Au

Sample EEL spectra of plasmon dispersion measured for the HCWs surface are shown in Fig. 6.12.

In all systems investigated in this thesis, the dispersing loss was only observed along the Au wires.

This anisotropy persists under all conditions, i.e., gas adsorption, higher Au concentration. Only faint

dispersionless losses have been observed at k⊥, which appears at 200 meV for all systems (see dashed

line in Fig. 6.12(b)). Since their intensity drops for k→∞ and shows no dispersion, they can easily

be assigned to localized states (standing waves) associated with quantum-wells formed perpendicular

to metallic chains. An exemplary fit routine to extract data from the loss spectra is shown in Fig. 6.12

(c). The exponential decay of background intensity as a function of energy is known as the Drude tail
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and is characteristic of the metallicity of these systems. This is mainly due to the multiple inelastic

scattering of electrons within the metallic layer and, therefore, proportional to the available charge

carrier density at the surface. [237] The Drude tail is also visible in IR absorption spectra. [40,238] The

higher dispersion slope and relatively broad line-width of the plasmon loss exclude the possibility of

an inter-band excitation. Moreover, its comparatively lower energy excludes an effective contribution

from Si bulk. The observed excitation is assigned to the quasi-1D plasmonic excitation confined in

the Au atomic wires by noting that similar loss peaks have been observed in several atom-scale metal

sheets and wires on silicon substrates. [31, 49, 90, 239, 240] These low-dimensional plasmons should

not be confused with edge plasmons of a 3D solid, usually called surface plasmons or surface plasmon

polaritons [42,241,242], which have finite energy in the limit of long wavelengths, e.g., k = 2πλ−1→
0. This starts at EP/

p
2 for a NFEG and extends to either negative or positive slope as a function of

momentum transfer. [241] The strong 1D character of the observed plasmons demonstrates that they

cannot emerge from the space-charge layer of the Si substrate. Indeed, in the scope of this thesis, as well

as previous works, no dependence of the plasmon energy on the doping concentration (in the range of

resistivity of 0.01-1500 Ωcm) was observed.
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Figure 6.12: Exemplary loss spectra for the HCWs phase on Si(553)-Au recorded at k|| (a) and k⊥ (b).
The spectra were normalized to the elastic intensity and shifted against each other for
better visibility. The dashed line in (a) approximates the plasmon dispersion, which could
be identified exclusively in the direction parallel to the Au wires. (c) Fitting procedure
exemplarily shown for the loss spectrum of Si(553)-Au+ 10 L H2. The plasmon dispersions
illustrated in this thesis obtained with the same fit routine. In this particular case, an
additional Gaussian function was put to take into account the new loss feature at ∼ 100
meV appears after hydrogenation or oxidation. The latter was skipped for the clean surface
spectra, where this mode does not exist. Corresponding fit functions are given in the label.
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However, the increase in doping concentration has been shown to develop the contribution of the

layer of space charge to surface transport. [160] Here, the main difference between surface transport

measurements and plasmon spectroscopy plays a crucial role as following: Thus, plasmon spectroscopy

turns out to be a valuable tool to get information about the excited state (unoccupied part) of the band

structure. Electrical surface transport measurements, on the other hand, probe the detailed electronic

properties close to the Fermi level, where contributions from impurity states or space charge layer are

inevitable, to which plasmon spectroscopy has little sensitivity, underlining the complementarity of both

experimental approaches. To extract the plasmon energy and other parameters, the experimental elec-

tron energy loss spectra were fitted with a set of Gaussian functions. Moreover, the Drude background

was also considered as an exponential decay. Additionally, the background was subtracted by using an

analytical form following Ref. [75].
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Figure 6.13: Plasmon dispersions for the Au-induced HCWs and LCWs phases on Si(553)-Au. Disper-
sion curves were partially adapted from Ref. [27]. The blue area shows the electron-hole
continuum zone derived from ARPES bands for HCWs phase [65, 206] within the NFEG
model (see Section 2.2.1 for the computational details). Plasmon dispersion curves cross
the electron-hole continuum, which would generally lead to strong damping of the collec-
tive mode due to an electron-hole pair creation.

The measured plasmon dispersion is plotted for both Si(553)−Au systems in Fig. 6.13. Following

Ref. [195] the plasmon dispersion of both HCWs and LCWs phases can be qualitatively described by

a confined NFEG model of coupled wires. This qualitative fit result is given solid and dashed lines in

Fig. 6.13. However, this model fails to describe the fact that the measured plasmon dispersion crosses

the electron-hole continuum derived with the same parameters used for the same empiric fit. Obviously,

at the highest k|| point measured, the plasmon dispersion is even below the electron-hole continuum. In

fact, this is impossible, otherwise, no plasmon propagation could be measured because penetration into
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the electron-hole continuum leads to strong Landau damping and even to an imaginary solution below

this region. This situation is very similar to Si(111)-(5×2)-Au and also to other Si(hhk)-Au surfaces. [31]

This discrepancy demonstrates the breakdown of the free electron model. This anomalous behavior of

plasmon dispersion can be well understood with the direct comparison between plasmon dispersion

and calculated band structure, which will be discussed in the next section.

6.3. Hybridization of Au and Si States: Evidence from Plasmon

Spectroscopy

Plasmons excited in a single 1D metallic systems have been predicted to exhibit a linear dispersion at

relatively small momentum. [76] However, in reality, Au atomic wires are periodically aligned in an

array on the substrate so that coupling to the embedding environment and adjacent chains have to

be considered. That requires a multi-wire model constructed by periodically arranged wires with an

inter-wire distance of several Angstroms, as investigated in this thesis. Using the single wire model,

by switching off the inter-wire interactions, a linear plasmon dispersion can be obtained, as shown by

the dashed line in Fig. 2.6. However, it completely deviates from the experimental results. Moreover,

as already discussed in the previous section, even a close match between plasmon dispersion and fit

curve turns out not to be sufficient to elucidate the electronic properties of such atomic wire systems.

Thus, a comprehensive understanding of such systems requires knowledge about the contribution of all

surface bands. Such a comprehensive study has been carried for HCWs and LCWs phases on Si(553)-Au

surface.

6.3.1. Comparison of the Plasmon Dispersion and Band Structure of Si(553)-Au

For band structure calculations, the double Au chain model suggested by Krawiec [24]was employed for

dimerized and nondimerized Au chains (see Fig. 6.15). Details of the band structure calculations were

discussed in Ref. [27]. In fact, the calculated band structure without dimerization of Au chains agrees

well with previous theoretical works. [24] Additionally, DFT calculations reveal the Si step edge bands

(S4 in Fig. 6.14), which is not visible in photoemission. Moreover, the S4 bands hybridize strongly with

Au bands, S1,2, S3 bands in Fig. 6.14. This hybridization opens up electronic gaps at unoccupied states;

the electronic landscape deviates from the free-electron character, which means the parabolic bands

observed in ARPES are no longer free-electron like in origin. The absence of S4 bands in photoemission

might be due to intensity overlap between individual bands, which might be related to rapid fluctuations

between polarized and unpolarized Si states. [206] Nevertheless, these hybridization result in opening

up band gaps of about 0.1 eV, which partly have been observed in some experimental studies. [202,206]

One of these gaps is located right at EF and prevents the S3 band from crossing the EF . This is the reason

that the metallicity of this surface is dominated by S1,2 band. The other gap is opened up between

Au bands at about 0.6 eV above EF . This band is more pronounced in the LCWs phase than HCWs.
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Moreover, the position of the S3 band is different for LCWs and HCWs phase. While it starts at about

0.5 eV above EF on HCWs, it is found at lower energies for LCWs. [206] This might be due to electron

transfer from alternate (5×5) terraces to the Au chains. [27] In addition, the magnitude of the second

band depends strongly on the dimerization parameters between Au atoms. [33, 35] The magnitude of

the Au dimerization is estimated as d = (a1 − a0)/a0, here a0 is the surface lattice constant and a1 is

the longest Au-Au distance along chains. [25] Thus, the band gap develops by increase of a1 and/or

d. Moreover, the magnitude of band gap is also sensitive to the choice of the XC functional, even

without considering spin (see Fig. 8.1). This dependence will be discussed in more detail on the basis

of experimental structural results in Section 8. Experimental and calculated band structures are shown

in Fig. 6.5.
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Figure 6.14: Schematic representation of the electronic band structure of Si(553)-Au. (a) as measured
by ARPES, for example, in Refs. [65,206]. Following Ref. [206], the entire measured bands
were shifted by approximately 0.15 eV to facilitate the comparison between theory and ex-
periment. The electronic states are labeled as S1,2 (orange) and S3 (green), according to
Refs. [65] and [206]. The Rashba split state S1,2 is represented by the circle and diamond
symbols. The DFT−PBE band structure calculated for the HCWs system is shown in both
the extended (b) and conventional (c) Brillouin zone representation. For the sake of clar-
ity, only bands with strong Au character and the Si step edge state S4 (blue) are labeled.
Surface-projected bulk Si bands are in gray. The Γ → Y ′ direction is roughly parallel to the
Au chains.

DFT calculated band structures for the clean surface with and without dimerization of Au chains are

given in Fig.6.15. The relevance of this hybridization on metallicity has been investigated by means

of plasmon dispersion. As already discussed in Section 2.2.1, the close relation of plasmon dispersion

with the upper boundary of the electron-hole continuum is relevant for describing the unoccupied part

of metallic bands. This was already applied to the Si(111)-(5×2)-Au surface in the previous section.

Previously, this description was also employed to other similar systems in Ref. [31], here the same
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definition is extended for Si(553)-Au based on new theoretical outcomes mentioned above.

The direct comparison between the plasmon dispersion and calculated band structure has been made

by employing Eq. 5.2, as derived in Section 2.2.1. For calculation ofω+, theω−(k||) has been taken from

the band just below EF , whose k dependence deviates from free electron model due to hybridization

with mainly Si (S4) bands (see Fig. 6.16 as well). In addition, a Gaussian distribution of the electrons in

the system with a full width at half-maximum of 6.5 Å is assumed. This width corresponds to a parabolic

confinement with a ground-state width of 2.8 Å or, approximately, to a square-well confinement of 13

Å. As tested, the results depend very little on the exact wire width (see Fig. 2.6 in Section 2.2.1). Even

changes of the form of the confining potential to a square well yields a correction that amounts to a

maximum change of slope of 10 % at most at small k||, in agreement with Ref. [81]. The results of these

calculations are shown in Fig. 6.15 for both phases.

Figure 6.15: DFT calculated electronic band structure (gray dots) calculated without considering
spin-orbit (SO) interaction for the Si(553)−Au HCWs phase. The blue circles show
the positions of ω+ calculated from the plasmon dispersion with the procedure de-
scribed in the text. Left: DFT−PBE calculations without Au-Au dimerization. Middle
panel: DFT−HSE06 (Heydt-Scuseria-Ernzerhof hybrid functionals) calculations with Au-
Au dimerization. Right: DFT−PBE band structure calculated without SO interaction (gray
dots) and ω+ (blue balls) for the LCWs phase. Adapted from Ref. [27].

As derived in Section 2.2.1, the plasmon dispersion merges into ω+, which yields a better match for

the HCWs phase than LCWs in the case of the excitation from the Fermi level to the first Au-induced

unoccupied band. Moreover, considering the dimerization-induced energy gap at around ∼700 meV

above EF where measured plasmon dispersion also ends, this match becomes even more quantitative.

Here, within the HSE calculation, d = 0.005 equal to ∼150 meV band gap is considered. This gap was

also measured by STS. [208] In fact, the magnitude of the present energy gap nicely fits the flattening
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of the plasmon dispersion. The strong curvature at small k|| is a clear indication of lateral interactions

of wire arrays, as already discussed in Section 2.2.2. This feature also coincides with the interaction

with the substrate. Inevitably, finite-size effects in a real system make extrapolation to E = 0 at k|| = 0

impossible. According to the result of the ω+ calculation, the plasmon can exist up to k|| = 0.15 Å−1

before decaying into electron-hole pairs. As explicitly shown in Fig. 6.16, the electronic properties of this

surface are less or more related to all surface atoms. Although the electron density is mainly confined

at the Au-induced superstructure, it is intermixed with all other bands. This delocalized picture of the

electron density can be related to other similar atomic wire systems as well.
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Figure 6.16: Electronic band structure and DOS of the clean Si(553)-Au system. Projections of the bands
onto different structural motifs are colored following the lower rightmost panel. The line
width corresponds to how strongly the bands are located at the corresponding atom groups.
Data was provided by S. Sanna [227].

The same procedure has now been applied to predict the upper boundary of the electron-hole con-

tinuum for the LCWs phase. As shown in Fig. 6.15, the extrapolated plasmon dispersion is very similar

with those of the HCWs phase, however, with a lower slope. The main difference between these two

phases appears in the unoccupied band structure. As shown in Fig. 6.15, in case of LCWs phase, the

band crossing at EF is significantly more curved in the unoccupied section and levels off at a lower

energy than HCWs bands. This reduces the dispersion of this band as a whole. As a reason for such

low dispersion, the “spill-out” effect, which was originally postulated in Ref. [206] due to unoccupied

adjacent terraces, can now be pinned down to a shift of EF coupled with slight modifications of the
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electronic interaction with the ionic potentials. As a result, small changes in the band structure, mainly

in the unoccupied part, become obvious, resulting in reduced plasmon frequency. As shown in Fig. 6.15,

this result is in satisfactory agreement with the calculated band structure, even though small band gaps

of the calculations seem to be ignored. There are several possibilities to rationalize this result. First,

there are not only excitations from EF to the unoccupied states at a given kF , but also excitations from

occupied states to EF have to be considered.

According to the present band structure calculations, this possibility can be ruled out in the energy

range under consideration. Second, the finite lifetime of excited states could smear out the visibility of

small band gaps, together with a limited instrumental resolution, both in energy and k-space. Because

the band gaps under consideration here are fundamental gaps, k-space resolution plays no role, and

energy resolution was much better than the size of the calculated band gaps. Third, there can be a real

plasmonic effect in the sense that a sheet plasmon as a collective excitation cannot be formed by strongly

localized electrons or by electronic hybrids that localize electrons. In other words, such a hybridization

is “ignored” by plasmonic excitations, that is, the projection of a wave function on the nonhybridized

delocalized contributions is much more strongly weighted for plasmonic excitations than those more

localized. This behavior is observed only for weak hybridization and small band gaps.

6.4. Plasmons on the Si(775)-Au Surface

Sample EEL spectra of the 0.32 ML Au deposited Si(775) surface are given in Fig. 6.17(a,b). Similar to

the previous systems, this system also exhibits plasmonic loss only along the chains, which possesses the

same features (i.e., exponential decay, broad line width, etc.) as observed for the previous surfaces (see

Section 6.2). However, it has lower intensity compared to the Si(553)-Au system, which might be due to

the less surface ordering. Plasmonic excitation on this surface has been the subject of recent research.

[31] Plasmon dispersion from this surface is given in Fig. 6.17(c). This surface shows a comparable

lower dispersion slope. This can be due to the ∼0.2 eV indirect energy gap at 0.35 eV above EF as

found in DFT calculations (see Fig. 6.18). Nevertheless, the experimental plasmon dispersion is not

limited to the end of this band but propagates 150 meV into the band gap.

Its calculated electronic band structure presented in Fig. 6.18. The calculations reveal that similar

to Si(553)-Au, the electronic structure of Si(775)-Au is strongly dependent on the structural features.

Thus, both the quasiparabolic Au-induced Rashba split S1,2 and the S3 bands strongly hybridize with the

Si surface states localized preferentially at the honeycomb chain and the restatoms (see Fig. 6.18). This

hybridization leads to a band gap opening in the occupied states and to the result that the S3 Au-induced

band hybridizes with the honeycomb chain in the middle of the BZ around -0.4 eV, whereas S1,2 band

mixes at slightly higher energy with this state close to the BZ boundary and forms a very small band

gap.

In particular, there is a correlation between the Au dimerization and the electronic band gap. The
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dimerization shifts the Au related bands upwards by opening a band gap. This hybridization between

Au and Si structural elements leads to several weakly dispersing bands also in the unoccupied band

structure, which can clearly be identified as those localized at the adatom and restatom Si chains. These

hybridizations and the deviations from free electron gas behavior associated with them are the main

reason for the inconsistencies using the NFEG model for the description of the electron-hole continuum

and the associated plasmon (see Fig. 6.17).
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Figure 6.17: Exemplary momentum resolved EEL spectra for the Si(775)-Au OCWs surface measured
with a momentum transfer parallel (a) and perpendicular (b) to the wires. The spectra
were normalized to the elastic intensity and shifted against each other for better visibility.
(c) Plasmon dispersion for the same surface collected from the loss maxima by applying
the fit the routine given in Fig. 6.12. The blue area indicates the electron-hole continuum
zone derived using the NFEG model, as discussed in Section 2.2.1. The gray data points in
(c) are taken from Ref. [31] for comparison.

With these assignments, the crossing relevant for the observed plasmon loss can only be that at kF =

0.365 Å−1. It is also the location where one of the quasiparabolic gold-induced bands should cross. The

other crossings may be relevant for further plasmonic excitations, which, due to the small dispersion of

the adjacent bands, should have much lower energy and are not observable in the present experiments.

For a direct comparison of the plasmon dispersion and calculated band structure, theω+ was calculated.

For this, the calculated nearly parabolic band close to the BZ was taken as ω− (i.e., by neglecting the

small bad gap at the BZ boundary). An effective mass was calculated to m∗ = 0.08me. Vc(k)was derived

numerically for a Gaussian periodic distribution of electron density with a width of 6.6 Å and a wire

separation of 21.7 Å, which corresponds to the average terrace width. Due to the small effective mass

and the correspondingly large A(k), ω+ is almost completely determined by the experimental plasmon

dispersion, indicated by black circles in Fig. 6.18. The calculated ω+ levels off close to 0.5 eV and thus
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clearly deviates from the NFEG expectations.
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Figure 6.18: Calculated electronic band structure for the Si(775) + 0.32 ML Au surface. Blue, green,
red, and gray lines stand for Si-adatom, restatom, Si-HC, and other Si bands, respectively.
The yellow bands are fit to experimental ARPES data following Ref. [65]. The black balls
represent the ω+ derived from the experimental plasmon dispersion (details are given in
the text). Adapted from Ref. [31].

Comparing with the calculated band structure, this upper edge of the electron-hole continuum de-

termined from Eq.5.2 runs through two band gaps caused by the hybridization described above. Still,

it levels off at the lower boundary of the large band gap between the two uppermost bands shown in

Fig. 6.18. This behavior is qualitatively similar to the Si(557)-Au system described in Ref. [31], includ-

ing the tangential approach to the unoccupied band structure in those parts where the group velocities

are comparable. Interestingly, the topmost band gap is not crossed, indicating that this gap is likely to

interrupt the electron-hole continuum. While there is some uncertainty in the exact location of unoccu-

pied bands as calculated by DFT with (semi-)local potentials, it should be noted that almost quantitative

agreement between experiment and simulation for the unoccupied band structure is obtained. How-

ever, contrary to the Si(553)-Au surface here, a significant deviation ofω+ from the calculated electronic

band structure was seen. As an example, multiple band crossings of EF exist for Si(775)-Au and it is not

easy to single out the precise contribution of each of these bands because of multiple hybridizations.

Nevertheless, most of the associated plasmons are expected to be so low in energy that may not be

observed with the actual experimental resolution. The observed discrepancy might have some origin

in the calculated model as well: As discussed in Section 6.1.2, the current model fails to explain 1/3

periodicity revealed by diffraction experiments. Moreover, a higher extrapolation of plasmon dispersion

at k→0 in comparison with the similar surfaces indicates a possible band gap at the Fermi level. How-

ever, no such band gap was observed in the calculations. Indeed, a clear sign of such band gap opening

was observed after oxidizing this surface (see Section 7.5.2). Therefore, the electronic and structural
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properties of Si(775)-Au require further theoretical optimization.

6.4.1. Effect of Au Coverage on Plasmonic Excitation

Following the different Au coverages studied by SPA-LEED, plasmonic excitations at higher Au concen-

trations have also been investigated. Exemplary EEL spectra obtained for the 0.56 ML gold deposited

surface are shown in Fig. 6.19(c,d), which displays the same characteristics as the OCWs surface. Plas-

mon loss gains 30 % more intensity for 0.4, 0.48, 0.56 and 0.64 ML coverage in comparison with the

0.32 ML surface. Up to 0.40 ML, this increase is correlated with the development of the ×2 intensity.

A further increase of Au coverage results in a decrease in the loss intensity. Similarly, the decline of

×2 streaks was also observed for Au coverage of >0.56 ML. Noteworthy, plasmonic excitation main-

tains its anisotropy in all the Au coverages studied. Due to its nearly 2D arrangement (evidenced from

DFT calculation in Ref. [214]) at Au coverage of 0.96 ML, plasmon loss in the direction normal to the

steps was also expected. However, it turns out that this surface is highly miss-oriented in both direc-

tions. This strong anisotropy is also associated with the stepped structure, which is preserved under

all conditions investigated (i.e., see Section 6.1.3). Nevertheless, with a momentum transfer parallel

to the wires, a comparable weak plasmon loss is still visible (see Fig. B.2 in Appendix). Considering

that the
p

3 islands are not metallic (i.e., no loss associated with them was observed), the remaining

plasmon can be assigned to a residual from the Au-induced ×2 structures. Additionally, compared to

lower coverage surfaces, plasmons on the nearly full coverage surface show higher energy at k → 0

limit, indicating shorter propagation length. At the k⊥ direction, only the dispersionless loss feature at

∼200 meV was observed, similar to other investigates systems. This loss was observed for different sur-

faces and assigned to quantum-well states. For hosting plasmon standing waves, they must be ordered

metallic structures. Additionally, the spectra recorded at k|| = 0 Å−1 also shows a faint loss feature at

similar energy, which cannot be resolved from the plasmon loss at k|| 6= 0. This can be related to their

quasi-two-dimensional nature.

Although there is no clear description of these structures, it is obvious that additional Au atoms in-

crease their ordering and/or density. This continuously develops up to 0.56 ML. At even higher Au

concentrations, change of step density might be the main reason for the destruction of these states and

sudden decrease of the loss intensity associated with them (see Fig. B.3 in Appendix). Such distortion

of step train was observed in diffraction experiments. Besides, distortion of wire periodicity and/or

quality is also manifested as a finite size effect on plasmon dispersion (see Fig. 6.19). Beyond all the

effects mentioned above, plasmon dispersion changes significantly as a function of Au coverage. The

plasmon dispersion remains almost the same up to Au coverage of 0.40 ML, and it develops rapidly for

the following coverage. In general, considering the inverse dependence of plasmon dispersion from ef-

fective wire width, the decrease in plasmon dispersion was expected upon an increase in the occupation

of the terraces. First of all, this implies that the interaction of electron gas in the adjacent terraces might

be developed, which is strengthened by the decoration of steps with Au atoms. However, as revealed

119



CHAPTER 6. GOLD-INDUCED ATOMIC WIRES ON STEPPED SI(HHK) SURFACES

a)

k||

0.56 ML Au

L
og

. i
n

te
n

si
ty

 (
ar

b
. u

n
it

s)

Energy (meV)

0 300 600 900

b)

k⊥ 0.00 Å-1

0.01 Å-1

0.02 Å-1

0.03 Å-1

0.05 Å-1

0.07 Å-1

0.09 Å-1

0.12 Å-1

Energy (meV)

0 300 600 900

c)

0.56 ML Au
0.64 ML Au

k||
E

n
er

g
y

 (
m

eV
)

0

100

200

300

400

500

600

     (Å-1)

0 0.03 0.06 0.09 0.12 0.15

Figure 6.19: Sample momentum resolved EEL spectra for Si(775)-Au measured at a Au concentration
of 0.56 ML with k‖ (a) and k⊥ (b) to the wires. The spectra were normalized to the elastic
intensity and shifted against each other for better visibility. (c) Plasmon dispersion for
the 0.56 and 0.65 ML Au coverages. The blue area depicts the electron-hole continuum
zone derived for 0.32 ML surface using the NFEG model as discussed in Section 2.2.1. The
plasmon dispersions for other high coverage surfaces are given in Fig. B.4.

from the diffraction studies refacetting to the (553) orientation reduces such expectations. The 0.56 ML

Au surface shows the plasmon dispersion very similar to the Si(553)-Au surface, however, with higher

extrapolation at lower k||, as shown in Fig. 6.19. Its dispersion has 30 % higher slope in comparison

with the 0.32 ML Au surface. Using Eq. 5.1, the line shape was fitted for obtained dispersion curves.

For this again parameters obtained for 0.32 ML surface were used: n = 3×107cm−1, m* = 0.6me.

This empirically modified model enables a satisfactory comparison of the effective wire width follow-

ing Eq. 5.1, as ω ∝ a0
a

p

n/m∗, where a0 is a constant for normalization, and a is the effective wire

width. This fit yields the following ratio for 0.32 and 0.56 ML Au surfaces: ω0.32M L∝ 0.522×
p

n/m∗,

ω0.56M L∝ 0.536×
p

n/m∗. Almost same ratio was achieved for the Si(775)-Au (OCWs) and Si(553)-

Au (HCWs) surfaces in Ref. [195]. Although this fit is indirectly consistent with diffraction experiments

that support the transformation to the Si(553) facet, plasmon dispersion itself can not be significantly

explained. First of all, plasmon dispersion still penetrates the electron-hole continuum. This behavior

contradicts the plasmon dispersion described by the theory (i.e., see Section 2.2.1), which predicts that

the plasmon dispersion should always be above the upper boundary (ω+) of the electron-hole contin-

uum. Otherwise, the plasmon decays by emitting electron-hole pair excitations. Correspondingly, the

existence of the measured plasmon dispersion requires modification of the electron-hole continuum or

band structure itself, which has not been studied for this coverage.
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6.5. Temperature Dependence of Plasmonic Excitations

The coupling between electrons (plasmon) and crystal lattice vibrations (phonons) inevitably affects the

properties of atomic wires. The electron-phonon scattering establishes the most prominent decay chan-

nels for the dissipation of plasmon energy, which is the so-called non-radiative decay. [243, 244] This

effect becomes more relevant when discussing finite (nonzero) temperature electronic properties of solid

surfaces, which inescapable possess thermally excited lattice vibrations. Surface phonons on Si(hhk)-

Au have only recently begun to investigate. [245,246] The obtained phonons show a comparable lower

energy scale than that of plasmon modes, which thoroughly phases out their direct interaction. [247]

However, the phonon modes associated directly with the metallic chains might have some relevance. To

test such possibilities, low-T measurements were conducted for the Si(553)-Au and Si(557)-Au surfaces.

The results are shown in Fig. 6.20.
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Figure 6.20: Exemplary spectra for the temperature dependence of plasmonic excitation on the clean
Si(553)-Au (leftmost), clean and hydrogenated Si(557)-Au surface (middle) recorded at
RT and 80 K cooled with lHe. All spectra for Si(557)-Au were recorded for the same surface
preparation at k‖ = 0.09 Å−1 with the same interaction time (10 min per spectra). To avoid
the residual gas (mainly hydrogen) accumulation, the surface was heated up to 500 ◦C
before H exposure. The rightmost graph shows several k|| points obtained for the clean and
hydrogenated Si(557)-Au surface at RT and LT. In this graph, 0.6-0.8 Å−1 area is extracted
from the x-axis for better visibility.

Both surfaces manifest a slight increase of plasmon frequency and shrinking of FWHM by lowering

the sample temperature down to 80 K. Comparing these outcomes with LEED results, it can be con-

cluded that the observed effect is mainly due to the relaxation of surface vibrational modes. Since the

observed effect is not so strong and was totally expected, no further experimental studies were contin-

ued on this topic. Moreover, the same measurements were conducted for the hydrogenated Si(557)-Au

surface. As shown in Fig. 6.20, the blueshift at low-T is visible for the hydrogenated surface as well.

This might be due to either the H could not saturate all phonon modes or the phonon modes saturated

have no energetic interaction with the plasmon. Some more results from these experiments are given in
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Fig. 6.20(rightmost). These results also show that blueshift due to lowering of temperature for the clean

and hydrogenated systems has an almost same magnitude, ∼25 meV in all k|| range. This suggests that

the observed effect is not due to any change in plasmon bands but must be related to surface relaxation

as predicted.
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6.6. Summary and Conclusion

In the first part of this chapter, the surface structures of the Si(hhk)-Au systems were verified by using

SPA-LEED and compared with structural models. Indeed, the surface structure has an essential role

in understanding the whole surface properties, as shown in the rest of the chapter. For example, the

adsorbed Au concentration was found to be highly effective in the correlation along and between the

adjacent double atomic chains on the Si(553)-Au surface. The extended SPA-LEED investigations on the

Si(775)-Au surface also showed the crucial role of the Au concentration in the resulting surface ordering

and stability. Thus, on both surfaces, the excess Au coverage deposited at elevated temperature destroys

the wire periodicity by introducing a
p

3 structure. Although the (553) orientation is stable at even

higher Au concentrations, the (775) surface refacets into the more stable (553) facet. Interestingly, the

new (553) facet shows plasmon dispersion identical to the HCWs phase of Si(553)-Au. This finding

emphasizes the strong relation between the electronic properties and surface structure (i.e., structural

motifs, ordering, periodicity, etc.).

In the second part, plasmon spectroscopy and atomistic DFT calculations were combined to study

the origin and nature of metallicity on the Si(hhk)-Au systems. It was revealed that, while the electron

density available for plasmonic excitation is mainly confined to the Au-induced chains, the whole sur-

face bands are either placed or hybridized in such a way that each structural motif plays a key role in

surface metallicity. The DFT calculations strongly supported this delocalized nature of electron density

for the Si(553)-Au surface, as presented in Fig. 6.16. Moreover, the Au related electron wave packets

strongly overlap with adjacent Si atoms. The detailed investigation revealed that these interactions of

Au-induced and Si surface states are the main reasons that the obtained plasmon dispersions are not

compatible with the free electron model. Noteworthy, with the most recent methodology (see Section

2.2.1), which uses the relationship between the upper boundary of the electron-hole continuum and

plasmon dispersion, the experimental findings could be reasonably described. Together with the cal-

culated band structures, this formulation revealed a substantial modification of the 1D metallicity on

Si(553)-Au due to the hybridization of the metallic Au with the semiconducting Si states. However,

its application to the Si(775)-Au system showed a discrepancy between the band structures calculated

and the experimental plasmon dispersion. Since the structural model of this system was also found to

contradict the experimental diffraction pattern, the observed discrepancy might have an origin in the

structural model itself, which requires further optimization.

At the end of the chapter, the effect of temperature on the plasmonic excitation was briefly discussed.

Although no strong dependence of plasmon frequency on the temperature was found, a slight blueshift

and increased loss intensity reveal the importance of surface relaxation in plasmonic excitation. The

information obtained in this chapter will be applied to study the modification of the plasmonic excitation

and electronic band structure in the following chapters.
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Chapter 7
Tuning Metallicity by Selective Chemisorp-

tion

T he present chapter gives insight into the tunability of quasi-1D plasmons in Au-induced atomic

wires on Si(hhk) surfaces. Beyond electronic properties, the structural modification upon selective

chemisorption will be comprehensively discussed. Following a brief description of the interaction of Si

surfaces with additional adsorbates, the oxygen-induced modification of electronic properties will be

discussed. The standing wave formation upon oxidation of the Si(553)-Au surface will follow this. The

next section will address the extrinsic doping of Au atomic wires with atomic Hydrogen. Before the

summary, the H and O-induced modification of the Si(775)-Au surface will be discussed.

7.1. Chemical Modification of the Si Environment

As it is obvious from the previous chapters, the properties of metal-induced wires are strongly related to

the coupling between the ultimate chains and the embedded environment. The interaction of Si surfaces

with different adsorbates have been studied in many theoretical and experimental works [248–251].

Due to the technological application of Si, most of these studies address oxidation and/or hydrogenation

of Si surface either for stabilizing or terminating for further application. In this regard, this study has

some significance since oxidation is the first modification that will take place when such samples are

brought into the ambient condition. On the other hand, it has also been proven that adsorption of

oxygen and hydrogen on the Si surface modifies its electronic properties. The latter mostly shows up

as a band bending and/or changes of the energy gap due to charge localization or doping. Indeed, the

number of dangling bonds per unit cell makes the Si different surfaces less or more chemically active,
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affecting the strength of chemical modification. Therefore, the surface arrangement plays a crucial

role in site-specific adsorption and patterned surface functionalization. Regarding this, the Si(hhk)

surfaces provide an excellent playground with their highly ordered steps and other atomically ordered

preferential adsorption sites. Indeed, the results obtained in this thesis show that all the parameters

mentioned above can be beneficial for manipulating the properties of atomic wires on the Si surfaces.

7.2. Robust Metallicity of Gold Atomic Wires on Si(557)

A reconstructed Si(557) surface and anisotropic Au wires were fabricated, as already discussed in Sec-

tion 4.7.2. Prior to the plasmonic studies, the changes in the surface structure were monitored using

a SPA-LEED. Diffraction images for the clean, oxidized, and after annealing of the Si(557)-Au surface

are presented in Fig. 7.1. The clean surface diffraction pattern was comprehensively discussed in Sec-

tion 6.1.4. Notably, oxygen does not change the surface structure or periodicity but mainly increases the

background intensity, and the ×2 structure is only barely visible after 25 L O2 dosage. Please note that

a direct link between the ×2 streaks and the plasmon loss cannot easily be constructed since the former

originates from the Si adatom chains. Nevertheless, its quality can still be accepted as a reference for

the surface quality as a whole. This qualitative change is fully recovered upon annealing the oxidized

surface at 900 ◦C. This surface shows a clear low energy plasmonic excitation whose dispersion is in

good agreement with previously published results [23,31]. A set of sample spectra from the clean and

oxidized surfaces are shown in Fig. 7.2. The nearly exponential decay of the structureless background

at low k||, known as Drude tail, is a clear indication of metallicity, i.e., of the low-energy continuum

excitations within the conduction band(s).
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Figure 7.1: SPA-LEED images of the Si(557)-Au surface, freshly prepared (a), upon 25 L O2 exposure
(b), after thermal desorption of oxygen at 930 ◦C (c). Images were recorded at RT with E0
= 138 eV. The inset in (b) shows reduction of the ×2 intensity as a function of O2 dose.

The spontaneous dissociation of oxygen is evident from the appearing loss peak at ∼100 meV, which

is due to the formation of Si-O bonds and their vibrational excitation. This peak does not disperse as a

128



7.2. ROBUST METALLICITY OF GOLD ATOMIC WIRES ON SI(557)

function of momentum transfer and. It also does not react to the direction of momentum transfer (i.e.,

k|| or k⊥). These prove their local vibrational character. This mode has been studied in the literature

for the oxygen, as well as water adsorbed Si surfaces. [249,252,253] This peak was also observed with

infrared spectroscopy (see Fig. 7.8). Because IR transmittance at normal incidence of light is sensitive

only to vibrational dipoles parallel to the surface, the Si−O bonds should have an oblique orientation

on the surface. It has to be noted that the angular acceptance and energy resolution of the EELS used

does not allow to investigate its exact response to minor changes of experimental conditions and to

discriminate oxygen and OH related modes or resolve the individual peaks if several peaks are merged.

Identification of H and O species on surface was realized using their different desorption temperature,

which is ∼ 300 ◦C for hydrogen and > 800 ◦C for oxygen (see Fig. 7.17 and 7.2). It was found that this

peak can thoroughly be assigned to the H or O-induced modes in the corresponding exposure. Though

gas with 99.9% purity has been used in both cases, and special effort was put to assure cleanliness of

the gas lines and the UHV chamber. A comprehensive study of this mode is even not required for this

work; otherwise, it will go beyond the electronic and structural properties of atomic wires.
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Figure 7.2: EEL spectra of the Si(557)-Au surface, clean (a) and after oxidation with 7.5 L O2 (b). (c)
shows the temperature-driven reversibility of plasmonic excitations on the heavily oxidized
surface. In fig (c), the balls stand for experimental data while solid lines show the resulting
fit. All spectra were recorded with 20 eV primary energy at RT. The spectra were normalized
to the elastic intensity and shifted against each other for better visibility.

Although the increasing oxygen exposure introduces disorder into the surface layer, the plasmonic

loss seems to be almost unaffected for the given dosage, as discussed in the following. As illustrated
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in Fig. 7.2(c) plasmon loss intensity vanishes after heavy oxidation with 100 L O2. Here, collapsing of

the surface structure due to disorder induced by oxygen adsorption is a more pronounced effect. The

effect of oxygen adsorption is reversible by heating the sample to 800 ◦C (∼ 3 sec), i.e., to a temperature

that is still far below the temperature necessary for the destruction of Au-induced superstructures. The

oxygen-induced loss at ∼100 meV vanishes entirely after this annealing step. Furthermore, the blue

balls in Fig. 7.2(c) show that a further increase of the annealing temperature to 1000 ◦C destroys the

metallic surface structure as it introduces more scattering.
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Figure 7.3: Plasmon dispersion for the clean and oxygen adsorbed Si(557)-Au surface (a). (b) Changes
in the plasmon energy as a function of oxygen exposure measured at fixed k|| = 0.05 Å−1.
The solid and dashed lines in both graphs have no physical meaning but only serve as an
eye guide.

As shown in Fig. 7.3, this surface manifests the most 1D-like plasmon dispersion that barely deviates

from extrapolation to zero energy at the k|| = 0. This well-defined plasmon dispersion makes it highly

unique to study the effect of individual bands on the plasmonic excitation or metallicity. Previous sur-

face conductance measurements showed that conductance in the direction along the wires decreases by

about 20 % within the first 10 L of oxygen exposure [231], followed by a slow reduction of an additional

10 % up to an exposure of 35 L. Thus, metallicity is not lost by oxygen exposure, but a clear decrease of

the plasmon loss energy upon exposure to oxygen was expected. Oxygen adsorption at room tempera-

ture, however, turned out to partly even increase the plasmon loss energy. Oxygen adsorption showed

a rather nonmonotonic effect on plasmon frequency. These results are summarized in the measured

dispersion curves shown in Fig. 7.3. Compared to the pristine system, the curves obtained after various

doses of oxygen are less dispersive. Thus, the data points after oxygen exposure are below those of the

pure system at high k‖ and above them at low k‖.
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Furthermore, the nonmonotonic shift of the dispersion curves as a function of oxygen exposure is

remarkable and needs to be explained. While this overall change of slope can only be caused by signif-

icant changes in the band structure (see below), oxygen dissociation and adsorption also introduces an

increasing degree of disorder into the system, as already mentioned. Hence, scattering probabilities of

plasmonic waves are increased up to the limit of total reflection and the formation of standing waves.

Consequently, deviations from the ”ideal” curve, particularly at low k||, are expected, leading to finite

loss energies in the limit of k‖ = 2πλ−1 → 0. This behavior can clearly be demonstrated for the two

higher (7.5 L and 10.5 L) concentrations of oxygen. Almost ideal behavior is indeed seen for the pure

Si(557)-Au system, in which dispersion goes to zero in the long wavelength limit within experimental

uncertainties (dashed line in Fig. 7.3(a)). For the oxygen covered surface, however, extrapolations of

the data to k = 0 always end at finite energies. In order to visualize the deviations from the system

without disorder, the solid lines were inserted schematically through the data points at various stages

of oxidation, assuming that the curves have to start at the origin.

7.2.1. Oxygen-Induced Electronic Modifications

For a quantitative analysis of the plasmon dispersion as a function of oxygen adsorption, the close

relationship between the plasmon dispersion and upper boundary of the electron-hole continuum is ex-

ploited, which for quasi-1D systems turns out to be particularly simple as demonstrated in Section 2.2.1.

As discussed there, if the quasi-1D array of wires is considered as a 2D electron gas that is confined to

wires of finite width by an appropriate potential, the plasmon dispersion for a single isolated wire can be

expressed as a function of the upper and lower boundary of the electron-hole continuum of excitations

ω+ and ω−, respectively, following Eq. 5.2. As shown below, this relation sets important boundaries to

the validity of certain models regarding the modification of the electronic band structure. In order to

get an idea of the modifications of the band structure by dissociative oxygen adsorption, band structures

for the stable adsorption geometries determined in Refs. [35,231] have been calculated by the group of

S. Sanna. The optimized structural model is shown in Fig. 7.4 has been used for band structure calcula-

tions. A complete row of oxygen adatoms has been adsorbed in all cases. As shown there, O adsorption

at the Au sites is unfavorable, whereas Si-adatom and the Si-HC sites are strongly preferred with bind-

ing energies up to 8 eV. This site-specific adsorption behavior for oxygen already explains the changes

of the LEED patterns and disappearance of the ×2 diffraction spots upon adsorption since it destroys

adatom pairing. There are several sites with comparable binding energies: Initially, the Si-HC site is

less favorable by only about ∼ 250 meV compared to Si-adatoms, which leaves it to kinetics which sites

are occupied first with high preference. This statement remains valid for higher average concentrations

of oxygen, as tested, e.g., by comparing oxidation of restatoms and HC sites after complete oxidation

of the adatom row. The band structures of the Si(557)-Au after oxidation of various structural motifs

are shown in Fig. 7.5 in an extended zone scheme, but only those bands with clear contributions from

the Au chain, adatoms, rest atoms, and the HC chain. In Fig. 7.5(a) the complete adatom row has
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been oxidized. As expected, modifications of the bands associated with the adatoms and the restatoms

were observed due to the admixture of oxygen orbitals, but changes to the band with preferential Au

character are surprisingly small, as obvious by the comparison with the bands of the pure Si(557)-Au

system, which is shown as thin lines in Fig. 7.5. There is still only this one band crossing the Fermi level,

and the Fermi wave vector slightly changes from 0.35 Å to kF = 0.37 Å. These changes get stronger

with increasing oxygen concentration, as seen in Fig. 7.5(b). Although the configuration of Fig. 7.4(c)

is energetically not very favorable, i.e., these sites will only be filled after those shown in Figs. 7.4(a)

and (b), it was used to test the effect of oxidation of Si atoms in the immediate vicinity of the Au chain.

As seen in Fig. 7.5 (c), even under these conditions the system remains metallic.

Figure 7.4: Geometrical models of the oxidized Si(557)-Au system. (a)–(c) Oxygen adsorbed at the
Si-adatom, adatom and honeycomb chain, and between the honeycomb and Au chain, re-
spectively. Yellow: gold chain, gray: topmost Si atom layer, dark gray: Si honeycomb chain
(upper edge corresponds to step edge), blue: Si adatom row, green: Si rest atom row, red:
oxygen atoms.

Turning now to the analysis of the plasmon dispersion and its relation to the boundaries of the

electron-hole continuum, ω+ and ω−, the analysis is similar to the pure system and unique since only

one band is crossing the Fermi level in each Brillouin zone. Here, the lowest possible excitations from

the occupied bands to the Fermi level, which corresponds to ω−, were determined from the calculated

band structures shown in color in Fig. 7.5. In this case,ω− corresponds to the excitations from the band

marked by a thick dashed line at negative energies to the Fermi level. ω+ is determined by using these

values ofω− together with the experimental dispersionωP obtained as the average values of the exper-
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imentally determined plasmon dispersion curve at each k|| point. Furthermore, for calculating A(k||), a

Gaussian distribution of the electrons in the system with a FWHM of 3.3 Å was assumed, corresponding

to a single atomic wire. This width corresponds to parabolic confinement with a ground state width of

1.4 Å or, approximately, to square-well confinement of 6.6 Å. These parameters, together with an effec-

tive mass m* at EF , determine A(k||). As tested, the results depend very little on the exact wire width

(i.e., see Fig. 2.6). The effective mass close to EF was determined by approximating the band for ω− by

a parabola near EF . For example, an effective mass of m* = 0.23 me, for the case of adatom oxidation.

The calculated ω+ is shown in Fig. 7.5 as yellow lines. Thus, ω+, indicated by the thick dashed line

above EF , closely coincides withωp except near EF . As already seen for the unoxidized system [31], the

small band gaps found in the calculations due to hybridization of the Au-induced band with the various

structural elements of the Si surface are integrated over in ω+, and the dashed line resembles that of a

free electron-like band, similar to the clean surface. Only the average slope in the quasi-linear section

above EF is about 15 % lower than in the pure system, as indicated by the thin dashed line in Fig. 7.5(a).

The lower average slope at larger k‖ reflects the lowering mainly of ω+, as just discussed. However,

there is also a slight change of curvature in this calculated dispersion. A more detailed comparison

between clean and oxidized surfaces is shown in Fig. 7.5(d). For adatom oxidation, it is marked as a

blue line. As shown in Fig. 7.5(d), the crossing of the oxidized surface plasmon dispersion of the clean

surface is also reproduced in these calculations.

Similar procedures have been applied to the other models for the oxidation of this system, i.e., oxida-

tion of the HC chain near the Au chain (Fig. 7.5(c)) and the simultaneous oxidation of adatoms and the

HC chain (Fig. 7.5(b)). While the band structure exhibits significant changes, depending on the location

of Si oxidation, there is also a varying net charge transfer, which results in up and downshifts of the

Fermi level. This seen as shifts of the whole band structures relative to the unoxidized band structure

in Fig. 7.5. Nevertheless, the overall behavior of the upper edge of the excitation spectrum changes re-

markably little and is still determined by the metallicity of the Au channel. An exception in this respect

is the opening of a small gap at EF when both adatoms and HC chains are oxidized. However, this gap

opening is highly sensitive to the model geometries. Therefore, it is quite unclear to what extent such a

gap opening will be relevant in experiment. The gap, indeed, may further be smeared out by disorder in

the system. The band structures of Figs. 7.5(b), and (c) have the opposite effect on the plasmon disper-

sion compared with the oxidation of the adatoms alone, as shown in Fig. 7.5(d). A tendency to increase

plasmon frequency at low k|| is observed, yet the curves for the oxidized systems intersect that of the

pure system at k|| = 0.1 Å−1. Comparing these simulated results with the measured plasmon dispersions

as a whole, apparently, the nonmonotonic overall shift is qualitatively reproduced in the calculations,

assuming that the Si HC chain first oxidizes together with the adatoms, but with a preference of adatom

oxidation, while further elements of the surface follow at a later stage. Due to the limitations of the

atomistic models, the semiquantitative agreement between simulations and experiments can be consid-

ered as satisfactory. Due to the periodic boundary conditions, a complete and ordered array of oxygen
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Figure 7.5: Band structures calculated in an extended zone scheme along ΓY (Ȳ at 0.82 Å−1) according
to the structural models shown in Figs. 7.4(a-c). Thin lines correspond to the band structure
without oxygen, and thick lines depict the modified bands after oxidizing the corresponding
structural motif. a) Adatom row oxidized, b) adatoms, and Si HC chain oxidized, c) Si
HC chain near Au chain oxidized. Solid blue lines below EF in all graphs correspond to the
assumedω−. The dashed black lines (same in all graphs) show the projection of the metallic
band for the clean surface, and dotted blue lines show the same bands after corresponding
oxidation. Fig.(c) shows the modifications of plasmon dispersion, as predicted from band
structure calculations and the theory according to Eq. 5.2 after local adsorption of atomic
oxygen at the various sites, indicated in the legend of (d). The black dashed line represents
the clean surface plasmon dispersion.

adatoms is simulated. Thus, this model neither considers the mixture of adsorption sites that will nec-

essarily happen in the experiment nor the disorder introduced by (more or less) random adsorption.

The simulations, however, describe nicely the observed robustness of metallicity in the system. The pre-

sented plasmon spectroscopy results complement measurements of dc conductance in this system [231].

A reduction of conductance as a function of oxygen dose and the transition from anisotropic to isotropic

conductance was found, while total conductance was only reduced by about 20 % within the range of

oxygen exposure considered here. These results, which at first sight seem to partially contradict those

presented here, mainly illustrate the complementarity of plasmon spectroscopy and dc conductance

measurements for several reasons: DC conductance mainly probes electronic states very close to the

Fermi level, typically in the energy range of kBT set by the sample temperature, since electric fields are

normally very weak. [160] It is also very sensitive to changes in charge transfer and band filling close

to EF . Furthermore, charge carrier mobility enters directly dc conductance that is strongly influenced

by disorder. Therefore, dc conductance is highly sensitive to disorder in the system. In addition, the

contribution of space charge layers to the overall conductance cannot be excluded. The situation is very

different when plasmons are used to probe conductance. The unoccupied states accessible to plasmon

spectroscopy experimentally are above 100 meV up to 1 eV. The position of plasmon losses is thus quite
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insensitive to small changes of the Fermi level, in contrast to dc conductance. Second, disorder changes

plasmon frequencies only at small k||, which can be treated as a correction. Furthermore, the plasmons

studied here are derived from surface states. Thus, there cannot be any contribution from space charge

layers. Both methods found that metallicity is altered in this system, but it is not destroyed by oxidation.

The degree of measured changes, however, is specific to the method used.

7.3. Oxidation of the Si(553)-Au Surface

The room temperature SPA-LEED patterns from the freshly prepared and oxidized HCWs surface are

shown in Fig. 7.6. Contrary to the effect of hydrogenation (see Section 7.4.2), oxygen adsorption occurs

in a random fashion and inevitably induces disorder in the system. Interestingly, no qualitative changes

of diffraction patterns are observed by adsorption of oxygen, even at an exposure of 200 L, as shown

in Fig. 7.6. Only the intensity of the ×2 streaks is reduced, and their FWHM in the [110] direction

increases, as shown in more detail in Fig. 7.6. In other words, oxygen adsorption distorts the long-

range order of the Au chains and breaks them into smaller sections. The reduction of the average chain

length is evident from the FWHM of ×2 streaks (see Fig. 7.6(c)). The average correlation length in

chain direction was estimated from the inverse half-width, which is reduced from ∼180 Å to ∼70 Å

after 3 L O2 exposure.
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Figure 7.6: SPA-LEED patterns of the HCWs phase of Si(553)-Au and after oxidation. Primary energy:
138 eV. Line scans (white lines) were generated by integrating the intensities along [112]
for each k point along the [110] direction and normalization to the central intensity. c)
Dependence of the full widths at half maximum of the ×2 streaks along the [110] direction
on oxygen exposure. Inset: magnification of the initial section. FWHMs from 1D scans have
been obtained by applying the fit procedure described in Fig. 6.7.

The consequence of such a destruction of metallic chains is an increased scattering rate also for plas-

mons, which on the wires can only be backscattered. Therefore, standing plasmonic waves on shorter

and shorter sections of the Au wires are formed by increasing oxygen concentrations, and dispersing
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plasmons can only exist for wavelengths shorter than these limits. As a result, the dispersion close to

k‖ = 0 disappears for larger and larger sections.

The typical loss spectra as a function of k|| from the HCWs phase are given in Fig. 7.7(a). In both

LCWs and HCWs phases, this dispersing loss can only be observed along the Au wires. Similar to the

previous systems, the exponential decay of background intensity as a function of energy is known as

the Drude tail and is characteristic for the metallicity of these systems. Exemplary loss spectra after

oxidation of this surface with 105 L O2 are shown in Fig. 7.7(b). The broadening of the loss curve after

oxidation is obvious from these spectra. Again the appearance of a new dispersionless loss at ∼100

meV proves the oxygen binding to the surface. Fig. 7.7(c) shows exemplary spectra recorded in the k⊥
direction, which proves that the anisotropy of the whole surface is preserved upon oxidation.
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Figure 7.7: Sample electron energy loss spectra from the clean Si(553)-Au HCWs phase (a) and same
surface after oxidation with 100 L of O2 (b). Both data sets were measured with k‖ along
the wires. (c) Comparison of clean (bottom) and oxidized (top) EEL spectra at the two k⊥
values indicated. The solid lines are from the fit as depicted in Fig. 6.12. The spectra were
normalized to the elastic intensity and shifted against each other for better visibility

An overview of the plasmonic excitations on the clean Si(553)-Au surface, demonstrating their close

relation to the unoccupied band structure, was given in Section 6.3. The plasmon dispersions for the

clean HCWs surface and after oxidation with various amounts of oxygen are shown in Fig. 7.9. However,

upon oxidation, the plasmon dispersion deviates from this extrapolation at k‖ → 0, and the onset of

deviation shifts to higher k‖ with increasing O2 dosage. For k‖ > 0.05 Å−1, the dispersion is insensitive

to oxidation up to an exposure of 100 L within error margins characterized by the scatter of data points

in Fig. 7.9. A general reduction of the plasmon dispersion was only observed above the dosage of 100 L,
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but even at exposure to 200 L, it was only around 15 % with respect to the clean surface. Previous DFT

studies of the oxidized Si(557)−Au system showed that the adsorption of oxygen molecules at Au sites

is highly unfavorable. [35, 231, 254] Even direct binding of oxygen atoms with the Au chains is very

unfavorable so that only the Si surface atoms are oxidized. Since the local structure of Si(557)-Au,

apart from the Si adatom/restatom chains, is quite similar, this result should also hold qualitatively for

the Si(553)−Au system. Thus, electronic changes of the wire properties should only occur by indirect

interaction, similar to the Si(557)-Au surface. However, contrary to Si(557)-Au, oxygen-induced disor-

dering is much more pronounced in Si(553)-Au than indirect modification of plasmon dispersion due

to charge transfer and/or localization. Therefore, this effect on plasmon dispersion has been studied in

more detail.

7.3.1. Plasmon Standing Waves by Oxidation of Si(553)-Au

As already discussed in the previous section, exposing atomic wire systems to oxygen inevitably distorts

the chain order resulting in finite-size formation. This behavior is reflected by an increase of plasmon

loss energy as a function of oxygen exposure at small k||, as shown in Fig. 7.9(b) for k|| = 0.02 Å−1.

This is in contrast to the behavior at large k||, where the plasmon loss was found to be constant over

a wide range of exposures and finally decreases above 100 L of O2 exposure as exemplarily shown in

Fig. 7.9(c) for k‖ = 0.09 Å−1. The interpretation of the EELS data at small k‖ is supported by the infrared

transmittance experiments.

Plasmonic Excitations with IR-Spectroscopy — While plasmonic excitations in the long wire sections

can be investigated via EELS, plasmons resonance in shorter wire sections can be studied by IR spec-

troscopy. The shortening of the chain length further limits the electron motion in the chain direction

and forms standing waves. This kind of standing wave is classified as localized surface plasmon (LSP).

Due to the anisotropic nature of the atomic wires under investigation, the localized mode maintains its

longitudinal fashion with the polarization parallel to the wires. The plasmon frequency can be tuned

by varying the wire length and spatial distribution in a 2D array. Thus, depending on the wire length,

plasmon resonance can be optically detectable due to strong electromagnetic field enhancement. Be-

sides, the ends of the short chains serve as an additional momentum source. Previously, IR spectroscopy

has been employed to investigate the atomic wire plasmons with a high spatial resolution (8 cm−1) at

zero momentum. [40, 93, 255] Fundamentally, the plasmonic excitation for finite length (L) wires can

not be formed with wavelength (λ) longer than 2L (λmax = 2L). Namely, the resonance frequency of

the optically excited standing waves related to the plasmon energy at the corresponding momentum

(qk) via qk = π/L in the plasmon dispersion. [255] Therefore, the absorption spectra can directly be

compared with the plasmon dispersion to estimate the chain length.

In the present work, IR-absorption spectroscopy was used as a complementary method to investigate

standing wave formation after oxidation of the Si(553)-Au surface. IR experiments were conducted in
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the group of Prof. Dr. Annemarie Pucci at the University of Heidelberg.

The resulting relative transmittance IR spectra from the as-prepared and oxygen-exposed Si(553)−Au

surfaces are presented in Fig. 7.8 for HCWs and LCWs phases, respectively. Strong absorption is only

seen for polarization parallel to the wires (in the [110] direction), which reflects the anisotropic metal-

licity of self-assembled Au wires. The observed absorption feature is associated with the low-energy plas-

monic excitation in metal-induced atomic chains, as studied previously by IR-absorption spectroscopy

[93,176,255] for different surfaces. The weak absorption signal around 950 cm−1 appears upon oxygen

adsorption that was observed with EELS as well (see Fig. 7.7). It is attributed to Si−O stretch mode and

provides evidence for dissociative adsorption of oxygen [253,256]. As a function of oxygen exposure, a

gradual shift of the absorption minimum to higher wavenumbers accompanied by successive broaden-

ing is seen in Fig. 7.8(a). As already suggested for the pure system, [93,257] the absorption minimum

is mainly sensitive to the average chain length relevant for plasmon propagation. At the same time, the

absorption width also reflects changes in the length distribution.

Figure 7.8: Relative transmittance spectra for the oxidation of the HCWs (left) and LCWs (right) phases
on Au-Si(553). Relative spectra were obtained by referencing the spectrum to the pristine
surface (measured before Au evaporation) from the spectra of Au wires on Si. Solid lines
represent the fit from the formula, as described in Appendix A.

Therefore, the observed shift of the absorption minimum indicates successive shortening of the average

wire length, while the increasing absorption width is indicative of the widening of the distribution

of wire length as a function of O2 exposure. The spectral shape, especially the plasmonic resonance

position of the HCWs wires, was investigated by fitting the data according to Refs. [108, 258] (Please

see Appendix A for the brief description of the fitting model). With this assumption, the energy of

the IR absorption minimum with the energy of the ground state of a plasmon standing wave on wires
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with an average length L was identified. As mentioned above, This wavelength (λmax = 2L) cannot be

exceeded at a given oxygen concentration so that no dispersion is possible for smaller k‖. Therefore,

the energies of the IR absorption minimum corresponds to the plasmon energy at k‖ values as the

intersection of a non-dispersing state of this energy with the actual dispersion shown in Fig. 7.9. For

this, it was further assumed that the wavelength at this k‖ value is that of the plasmonic ground state;

that is, the wavelength is twice as long as the average wire. This average wire length is plotted in

Fig.7.10 as half of this maximum wavelength. The initial value of about 31 nm effective length without

oxygen is in good agreement with the result obtained in Ref. [93]. Oxidation, which happens mainly on

the HC chains at step edges, [35] still has a significant influence also on plasmon scattering by defects,

which strongly increases so that the effective wire length for plasmons decreases correspondingly, as

shown in this Fig. 7.10.
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Figure 7.9: Modification of plasmonic excitations on the HCWs phase of Si(553)-Au. (a) Plasmon dis-
persions for the clean surface and after oxidation with 100 L and 200 L oxygen. The dashed
line corresponds to the fit from modified low k approximation Eq. 5.1, as explained in Sec-
tion 5.2. (b,c) Changes of plasmon frequency as a function of O2 exposure at two defined
values of k‖ = 0.025 Å−1 and k‖ = 0.075 Å−1.

Upon oxidation, plasmon frequency increases gradually at low k but remains almost unchanged up

to 150 L oxygen dosage, as shown in Fig. 7.9 (b) and (c). However, plasmon frequency drops at higher

k and saturates at low k for the following exposure. Since after such heavy oxidation with 200 L O2 the

wire periodicity barely survives (Fig. 7.6) this might be accepted as saturation for the whole dispersion.

Nevertheless, IR spectra could be recorded for a slightly higher dosage, which shows the same trend of

the redshift of the plasmon frequency.

A very similar trend is seen when taking the inverse FWHM of the ×2 streaks (shown in Fig. 7.6)

along the [110] direction in LEED (see Fig. 7.10). The reduction of the correlation lengths of ×2 order
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along the wires as a function of oxygen exposure is even more pronounced than that in IR and starts at a

significantly smaller value, indicating different sensitivities of IR and LEED to various types of disorder

introduced by oxygen atoms. It is noteworthy to mention that the small change in the band structure,

in this case, is shifting the resonance to a longer wavelength, and thus, the used approximation may

deliver a little bit too long lengths.

(a)

C
o

rr
el

at
io

n
 l

en
g

th
 (
Å

) 

40

60

80

100

120

140

160

180

O2 exposure (L)

0 5 10 15 20 25 30

(b)

M
ax

. λ
P

L
/

2 
(Å

)

HCWs
LCWs

50

100

150

200

250

300

O2 exposure (L)

0 5 10 15 20 25 30

50

100

150

200

250

Figure 7.10: a) Correlation lengths along the Au chains determined as the inverse FWHMs of the ×2
streaks as a function of oxygen exposure. b) Maximum plasmon wavelengths divided by
2, determined from the energetic positions of the absorption minimum shown in 7.8 in
conjunction with the plasmon dispersion in Fig. 7.9.

These different sensitivities to defects can at least be qualitatively understood. Plasmons generally

have wavelengths λP L much greater than the lattice constant and exhibit a pronounced wavelength

dependence [259] that makes the scattering probability at defects of atomic size small at long wave-

lengths. On the contrary, stacking faults in the dimerization of the Au chains, for example, clearly cause

phase changes in LEED and thus limit the correlation length in LEED, whereas they are expected to

represent weak scatterers for the plasmons with long wavelengths. Kinks in the Au chains, on the other

hand, caused by the roughness of step edges or slight azimuthal misalignment of the sample, should

also scatter plasmons more efficiently than stacking faults. Therefore, a higher sensitivity to structural

defects in LEED than for plasmons is always expected. This scattering scenario remains essentially un-

changed when the system is oxidized: As outlined above, oxidation happens mainly on the Si HC chains;

that is, it only indirectly influences the conducting channel by possible local relaxations of the Si atoms

involved in oxygen bonding. Thus, it affects the local effective wire width and/or causes distortions of

the band structure close to EF . Again, the geometric distortions by disordered oxygen adsorption seem

to be more drastic than the electronic modifications, as concluded from a comparison of the FWHM in

LEED with the plasmonic dispersion curve, which turns out to be virtually unchanged up to exposure

of ∼100 L. Therefore, the random geometric disorder reflected in the reduced correlation length due

140



7.3. OXIDATION OF THE SI(553)-AU SURFACE

to O adsorption in LEED shows a similar tendency to the effective wire length for plasmons, but the

plasmonic effective wire lengths are larger by a factor of 2.5 to 3. The widening of the IR absorption

spectrum, on the other hand, is an indication of electronic damping, which reduces the absorption and

also broadens the resonance. The latter is also observed in EELS spectra, as shown in Fig. 7.7. Loss

spectra of the oxidized surface show broader curves for a similar reason as IR spectra.

7.3.2. Comparison with the Band Structures

Comparing these results from oxidation of the Si(553)-Au surface with a study on the oxidation of

Si(557)−Au, there is a similarity. In both cases, metallicity withstands the adsorption of a very sig-

nificant amount of oxygen. At first glance, the Si(553)−Au system seems to be less reactive than

Si(557)−Au since much higher doses of oxygen are needed to induce any change of dispersion in

the former system. However, this statement should be taken with caution since in simulations of the

Si(557)−Au + O system the plasmon dispersion turned out to be quite insensitive to oxidation of the Si

honeycomb chain, which is the common structural element on both surfaces. In fact, the most extensive

changes in plasmon dispersion induced by oxygen adsorption were due to oxidation of the Si adatom

chain, which does not exist in Si(553)−Au. Therefore, these results are fully compatible with the as-

sumption that mainly the Si step edge with its local HC structure is oxidized on Si(553)−Au, which then

has a small and only indirect effect on the conductive properties of the Au chains, but they do not mean

that the reactivity with oxygen is low. This statement is corroborated by theoretical results of complete

oxidation of the HC chain on Si(553)−Au (see Fig. 7.11), which even agrees semiquantitatively with

the ∼15 % reduction of the plasmon frequency measured at an oxygen exposure of 200 L. In the simu-

lation, the dispersion of the Au-induced unoccupied band is slightly lowered compared with that of the

unoxidized surface. Also, a gap opening at 500 meV above EF is seen together with possibly a small

band gap opening (<100 meV) close to EF (see Fig. 7.11(b)).

This opening of a small band gap was found previously to be the reason for the reduction of measur-

able dc conductivity to essentially the isotropic background level for oxygen exposures around 200 L of

O2. [231] If the measured plasmon dispersion is extrapolated to k‖ = 0 at the highest oxygen exposure,

it ends up at a value of 280 meV, that is, at a much higher value than that expected from such a small

band gap. In other words, this high extrapolated value is not dominated by a band gap but is more

likely due to disorder induced by oxygen adsorption, as has already been discussed in the previous sec-

tion. For validation of this suggestion, the measured plasmon dispersion was directly compared with

the calculated electronic band structure from Ref. [231] (see Fig. 7.11). Such a comparison for the clean

surface has already been presented in Section 6.3.

It should be noted that no dimerization between the Au atoms was considered in the calculation of

the oxygen-induced modification of the electronic band structure shown in Fig. 7.11. By comparing this

band structure with the oxidized one given in Fig. 7.11(b), the opening of a ∼200 meV energy gap at

500 meV above EF is visible. This might be the main reason that the plasmon dispersion of oxidized
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Figure 7.11: DFT-PBE calculated electronic bands for Si(553)-Au and their modification upon oxidation
of Si-HC chain. (a) Clean surface bands and upper boundary (ω+) of the electron-hole
continuum. (b) Oxidized surface bands, and ω+. The reddish parts of lines correspond
to the hybridization of Au bands with Si-HC chains, while the red parts stand for pure
Si-HC bands. ω+ (blue circles) has been calculated considering the experimental plasmon
dispersion shown in Fig. 7.9. The metallic S1,2 band is given in yellow color. Details of
these bands have been discussed in Section 6.3. Band structures adapted from Ref. [231]
with permission. Copyright 2017 by the American Physical Society. Please see Section 6.15
for a detailed explanation of the clean surface bands and ω+.

surface levels off earlier than that of the clean surface. Moreover, the bands, especially those hybridized

with the Au bands (shown in red in Fig. 7.11) are rearranged after oxidation. In the calculations, it

was assumed that the energetical minimization is limited to saturation of all dangling bonds. However,

this cannot be reached in the EELS experiments, mainly due to the disorders caused by random oxygen

adsorption. The latter also limits the observability of redshift as a function of oxidation.

Considering that the dimerization of Au chains opens a band gap at the unoccupied states, employing

the non-dimerized chain model makes this medium band gap obvious. However, using such a ques-

tionable model enables mainly qualitative conclusions from this calculation. Since the scenario with

one band crossing Fermi level does not change after oxygen adsorption, this calculation is very similar

to that has been done for the clean surface. Again, for the calculation of ω+ the ω− is extracted from

the band just below EF and the measured plasmon dispersion is used for calculation of ω+. m* has

been derived from the ω− band by approximating it with a parabola close to EF . These input parame-

ters have been used in Eq. 5.2 to derive the upper boundary of electron-hole continuum shown as blue

circles in Figs. 7.11(a) and (b) for the clean and oxidized surfaces, respectively. Notably, ω+ imitates

the unoccupied band structure following the band gap openings semi-quantitatively. As a reasonable

explanation, charge localization around the O-Si bonds can be shown. Such a band gap opening cannot

be explained with finite chain formation. Therefore, it should be concluded that the oxygen-induced
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modification on this surface is not limited to the finite-size effects, but the system undergoes slight

electronic modifications upon oxidation.

7.3.3. Loss Intensity and Width

The loss intensities and half-widths contain essential information about the wire quality. As discussed in

Section 5.2.1, both parameters are quite necessary parameters to yield further insight about plasmonic

excitation. The loss intensity and FWHM have been collected for the clean and oxidized Si(553)-Au

surfaces and presented in Fig. 7.12. The plasmon loss intensity shows a similar behavior as a function

of k|| as predicted by the quasi-1D plasmon theory [76]. The extracted plasmon intensities are ∼0.1 %

of the elastic intensity. According to Eq. 3.40, the scattering mechanism itself has a profound impact on

loss intensity. The measured scattering probability is three times less after 100 L O2 exposure. Since the

plasmon energy associated with a disordered surface is changed little at higher k||, this change must

be due to reduced surface quality more than electronic effects. The FWHM of the plasmon loss for this

system has been previously discussed in Ref. [260] and found that only a fraction of the broad line shape

contains information about the plasmon lifetime.
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Figure 7.12: The intensity and FWHM of the plasmon loss for the clean and oxidized HWCs phase on
Si(553)-Au. The data obtained after fitting the loss spectra with the fit routine described
in Fig. 6.12. The loss intensity is given with respect to the elastic intensity at k = 0.

The extracted peak widths are shown in Fig. 7.12, which present almost the same behavior as obtained

for similar systems. [50,51] The presented FWHM starts at finite width at k→0, which is much higher

than the instrumental resolution of∆E= 20 meV. The plasmon width gradually increases as a function of

k||. In a simplified picture, neglecting all side effects (i.e., instrumental broadening, multiple scattering,

defect-induced scattering, etc.), this broadening manifests a decrease of the plasmon lifetime. Then

taking the width in the limit of k→0 would mean a highly over-damped plasmon, which contradicts

the findings that the determined plasmon has well-defined energy and a mean free path of several
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100 Å. [93, 94, 215] On the other hand, in the k→0 limit, the plasmonic excitation energies converge

to zero and, therefore, their lifetime must be infinitely long. This shows that the observed broad line

width cannot be attributed to plasmon lifetime alone, but defect-induced scattering and instrumental

broadening must also be considered.

The actual determination of a plasmon lifetime is subject to larger uncertainty. For example, the

linear relation between the short-range electron-electron collisions and plasmon damping was shown

for 2D electronic systems. [128,129] Although there is no such description for a one-dimensional case,

it is also ignored in RPA, its true effect on the actual plasmon lifetime can not still be fully ruled out.

An additional factor for line broadening is the scattering geometry. Thus, the distance from the atom

decreases by increasing the momentum transfer, which results in a more localized scattering event.

This increases the uncertainty in momentum and, thus, also in energy resolution. A further influence

on the broadening of the loss peak is the order and perfections of the system. As already discussed

in the previous chapter, the obtained atomic wires show finite length and are not free from defects.

This observation is corroborated with STM studies on the same surfaces. [261] The latter comprises

residual gas adsorption in addition to the local surface imperfections such as kinks and stacking faults.

Moreover, as discussed in this section, the electronic properties, mainly plasmonic excitation associated

with atomic wires, highly depend on the wire quality. Therefore, it is not surprising that this factor

dominates the peak width after oxygen exposure. As shown in Fig. 7.12, the resulting FWHM is two

times broader after 200 L O2 dosage. Similar behavior of loss intensity and half-width have observed as

a function of time in the UHV condition at 5×10−11 mbar. Therefore, the discussions mentioned above

suggest that disordering is a more pronounced effect of oxidation on this surface.

7.3.4. Oxidation of the LCWs Phase

The LCWs phase, in which only every second terrace is covered with a double strand of Au (see Fig. 6.4),

behaves qualitatively quite similar but with a higher sensitivity to oxygen because of its higher chemical

reactivity on alternate terraces (see Section 6.1.1). The diffraction patterns of the freshly prepared

and oxidized LCWs phase are given in Fig. 7.13. The intensity of diffraction features (×2 and extra ×5

periodicity) on LCWs is extremely reduced in comparison with the HCWs phase. This is already a herald

of higher imperfections and disorder on the LCWs surface. Besides, the background intensity increases

quickly upon oxygen exposure, which shows random adsorption and enhanced scattering. On the other

hand, the 5×2 superstructure is almost disappearing after 10 L O2 exposure.

As mentioned above, in the presence of the alternate bare Si terraces, this surface possesses higher

chemical reactivity than the HCWs surface (see Section 6.1.1). Therefore, the plasmons in the LCWs

phase turn out to be more sensitive to oxidation.

The weaker plasmon signal of this phase compared with the HCWs surface (see Fig. 7.7 and 7.8) can

easily be understood since only 4/9 of the surface consists of terraces hosting a gold wire. A further loss

of intensity is caused by the lower quality of ordering that is obvious from the diffraction profiles (see
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Figure 7.13: SPA-LEED patterns of the clean LCWs phase of Si(553)-Au (a) and after oxidation (b).
Primary energy: 138 eV. Line scans (white lines) were generated by integrating the in-
tensities along [112] for each k point along the [110] direction and normalization to the
central intensity.

Fig. 7.13). On the other hand, Si adatoms with unsaturated bonds at the uncovered Si(1×1) terraces

make this surface chemically more reactive than the HCWs surface. For these reasons, only 30 % of the

initial loss intensity remains after an O2 exposure of 10 L, which made it barely detectable at higher

exposures. The plasmon dispersion for the clean and oxidized surfaces is shown in Fig. 7.14. At small

k‖, an increase of plasma frequency was seen as a function of oxygen exposure (Fig. 7.14(b)) that is

very similar to that in the HCWs surface (Fig. 7.8). Therefore, it must have a similar origin.

This higher sensitivity is also reflected in oxygen-induced changes of the plasmon dispersion (Fig. 7.14).

Contrary to the HCWs phase, however, O adsorption tends to increase the plasmon dispersion (see

Fig. 7.14(b)). While changes in the band structure close to EF are expected to be very similar in both

phases, qualitative differences may be due to the following mechanisms: First, the reduction of the

dielectric function upon oxidation should be more significant in the LCWs phase since a much larger

fraction of the surface is pure Si, which is primarily oxidized to form SiOx . Second, the relaxation of

surface tension by oxidation in the uncovered terraces may induce additional confinement normal to

wires.

The qualitative behavior of IR absorption spectroscopy at normal incidence as a function of oxygen

exposure is similar to the HCWs phase (Fig.7.8) and is in agreement with the interpretation of the small

k|| behavior given there. Also, in IR, the absorption is significantly smaller than for the HCWs phase

for the reasons already discussed above. Compared with EELS, an absorption signal is detectable up

to considerably higher oxygen exposures, as given in Fig. 7.8. Interestingly, any plasmonic absorption

disappears for exposures above 50 L, contrary to the HCWs phase, while the absorption due to the

Si−O stretch is still clearly visible. Therefore, it can be concluded that metallicity is in fact destroyed

for oxygen exposures above 50 L. Whether this finding is due to an extreme disorder or still a band
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structure effect has to remain an open question at this point since no numerical studies of the electronic

band structure have been done for this purpose.
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Figure 7.14: Plasmon dispersion for the clean LCWs phase on Si(553)-Au (black circles) and after oxida-
tion with 10 L O2 (blue diamonds). The dashed line corresponds to the fit from a modified
low-k approximation, as explained in Section 2.2.2. (b,c) Change of the plasmon frequency
as a function of O2 exposure at k‖ = 0.025 Å−1 and k‖ = 0.075 Å−1.

7.4. Extrinsic Doping of Au Atomic Wires

Such an ability to control the fundamental electronic properties of low-dimensional systems through

doping has been central to the progress in developing active electronic circuits and in many different

fields. In fact, due to the higher sensitivity of such wires of ultimate smallness to even small external

perturbations, this kind of tunability mechanism should be a well defined and highly controlled pro-

cess. However, such tunability can also work more naturally by employing the characteristic selectivity

of atomic wire systems together with an embedded environment. As an example, site and adsorbate

selective response of Au atomic chains can be shown. In the previous section, such a mechanism was

shown to be a consequence of oxidation of the Si(557)-Au and Si(553)-Au surfaces. Here, this investi-

gation is extended to the adsorption of atomic hydrogen on these surfaces. Moreover, the last section

showed that oxidation of atomic wire systems results in substantial modification of electronic proper-

ties. Besides, a high concentration of oxygen introduces defects into the wire order. Considering the

strong interaction of oxygen with Si surface, the latter can be reduced by using hydrogen. Thus, the

substantial difference between the bond formation of H and O allows studying the charge doping into

metallic bands with little structural distortions. The electronic and structural parameters are highly
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correlated for Si(hhk)-Au surfaces. Particularly, the Si(553)-Au surface shows electronic properties that

are closely connected with a structural phase transition and/or structural rearrangements. [25,65,200]

Such interrelation can be observed once charge donation to Si surface states (in this case, hybridized

with Au bands) happens.

7.4.1. Structural Enhancement on Si(553)-Au by Charge Transfer

Adsorption of atomic hydrogen indeed causes enhanced dimerization of the Au chain, as shown directly

by the comparison of SPA-LEED patterns from a freshly prepared and the hydrogenated Si(553)-Au

surface, both covered by 0.48 ML of Au (see Fig. 7.15). The sharp spots in both images, separated

by ∆k = 0.425 Å−1 indicate a well ordered periodic step structure with (111)-oriented terraces and a

terrace width of 14.7 Å, as expected for the (553) orientation for terraces separated by double steps of

3.14 Å height. This pattern qualitatively does not change upon H adsorption. Periodic dimerization of

Au atoms along the terraces gives rise to ×2 streaks in the diffraction pattern. These streaks become

brighter after exposure to atomic hydrogen, independent of electron energy, and the width of the spot

profiles decreases along the [11̄0] direction.
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Figure 7.15: LEED patterns of Si(553)-Au at a gold concentration of 0.48 ML (left) and the same surface
after adsorption of 10 L H2 (right). Images were recorded at RT with the same interaction
time. Primary energy: 138 eV. The line scans (white lines) were generated by integrating
the intensities along [112] for each k point in the [110] direction and normalization to the
central intensity.

These effects indicate an enhanced amplitude of Au dimerization, as well as an increase of the average

length of undistorted dimer chains of Au, since this amplitude should be directly proportional to the

integrated diffracted intensity (note the log scale in Fig. 7.15). As evident from the more detailed results

shown in Fig. 7.16, the structural enhancement of Au chains is a direct result of hydrogen adsorption

or doping. These findings are compatible with theoretical models indicating that the adsorption of H at

the Si step edge enhances the dimerization parameter of Au chain. [32,33,262]
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From the combination of experimental results and atomistic DFT, it was found that this enhanced

dimerization is strongly coupled to elementary charge donation to surface bands and subsequent band

gap opening at unoccupied state or relocation of Fermi level. This will be discussed in Section 7.4.2

in close relation with results from the electronic investigation. At a later stage of hydrogenation, ×2

streaks as well as the whole surface quality decline. This is quantitatively shown in Fig. 7.16, where

×2 intensity, as well as correlation length, decreases almost linearly when a critical H concentration is

exceeded critical H dosage.
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Figure 7.16: Change of correlation along the Au chains determined from the inverse FWHM of the ×2
streaks (a), and intensity of the ×2 streaks as a function of hydrogen exposure (b). Data
set were deduced from 1D line scans in the (11̄0) direction after fitting with convoluted
Lorentzian and Gaussian functions, as exemplarily shown in Fig. 7.15.

On the other hand, H adsorption does not induce any new superstructure so that the H atoms must fol-

low the periodicity of the already existing lattice and must be located at well-defined adsorption sites,

but there is no long-range order of hydrogen. H adsorption only causes an increase of diffuse back-

ground around the central (0×) spots. Although the following annealing at ∼350 ◦C almost recovers

surface metallicity, the surface quality is only partially recovered. This can be due to the thermal disso-

ciation of water and oxygen molecules, increasing their chemisorption probability resulting in further

structural distortion. Notably, the surface quality can be fully recovered by annealing the hydrogenated

surface at ∼900 ◦C for a few second.

7.4.2. Modification of Plasmons on Si(553)-Au by Atomic Hydrogen

The exemplary momentum resolved loss spectra for the clean and hydrogenated Si(553)-Au surfaces

are shown in Fig. 7.17. Qualitatively, the anisotropic plasmonic excitation is not altered upon hydrogen

adsorption (see Fig. 7.17(c,d)). After hydrogenation, the non-dispersive loss feature around 100 meV

appears, this might be assigned to the Si-OH stretch modes [249,252]. It is an indication of a very small
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amount of water, whereas the hydrogen loss, which has a much smaller cross section [263], is not seen

directly.
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Figure 7.17: Momentum resolved EEL spectra recorded along the [110] direction for Si(553)-Au: (a)
clean and (b) after exposure to 10 L H2. The dashed lines approximate the plasmon losses
dispersing only in k|| along the wires. (c) and (d) show the EEL spectra recorded with
momentum transfer perpendicular (k⊥) to the wires for the clean and hydrogenated sur-
faces, respectively. The dashed-dotted line in (c,d) depicts the nondispersive loss associated
presumably with quantum-well states. (e) Reversibility of H-induced redshift of plasmonic
frequency measured at fixed k‖ = 0.05 Å−1. The dotted lines in (b,d,e) show the H-induced
vibrational mode. The spectra were normalized to the elastic intensity and shifted against
each other for better visibility.

Heating the hydrogenated surface to 350 ◦C was found to be enough not only for completely remove

this peak (i.e., see Fig. 7.17), which is in accordance with the previous report [264]. Contrary to ox-

idation, hydrogen experiments were conducted with atomic hydrogen. Adsorption experiments with

molecular hydrogen showed no effect on plasmon spectroscopy, making the use of atomic hydrogen

mandatory.

The plasmon dispersion is reduced gradually by hydrogen exposure, as illustrated in Fig. 7.18(a).

The increase of hydrogen exposure is coupled with a reduction of loss intensity (see Fig. 7.17), so that it

becomes nondetectable after ∼15 L of H2 exposure. This behavior indicates that adsorbed H atoms are

not ordered. On the contrary, the H-induced disorder is a plausible reason for reducing loss intensity

with increasing hydrogen dose. Furthermore, the exponential decay of loss intensity as a function of

loss energy, described as Drude tail, indicates that metallicity is mostly preserved under all conditions

measured here.

As a function of hydrogen exposure, a significant reduction of plasmon frequency was observed only

for exposures above 3.5 L, whereas changes were negligible at smaller exposures. In addition, any elec-
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tron beam-induced effects by continuous exposure of the hydrogenated surface to the electron beam

over 7 h is excluded, since no detectable change after this procedure was found. The recovery of plas-

monic excitation upon heating the hydrogenated sample to 350 ◦C (see Fig. 7.17(e)) proves that the

reduction of metallicity is due to hydrogen adsorption. While thermal desorption of oxygen and recov-

ery of plasmon frequency on these surfaces challenges higher thermal annealing, as an exemplary given

for Si(557)-Au surface in Fig. 7.2(c).

Figure 7.18: Changes of plasmon energy (a), intensity (b) and FWHMs (c) on the Si(553)-Au HCWs
surface after adsorption of atomic hydrogen. All data were measured at k|| = 0.075 Å−1.
The dashed lines are guides to the eye. The square data points in all graphs were obtained
after subsequent annealing at 400 ◦C, which show the complete recovery of plasmonic
excitation.

The dependence of plasmon frequency on exposure is shown exemplary at a fixed k‖ of 0.075 Å−1

in Fig. 7.18(a). Evidently, the plasmon frequency remains constant up to 4 L H2 dose, from where it

drops almost linearly. This reduction is in good qualitative agreement with the behavior predicted by

the simulations shown in Fig. 7.21. If only a single type of sites at the step edges is occupied, as assumed

in the model calculations, this finding implies a strong concentration-dependent reduction also of the

sticking probability. This property would partly compensate, but not remove the nonlinear response

of plasmonic excitation to H doping found in the simulations. Please note that the observed behavior

is not limited to this fixed k point, but it is chosen to guarantee sufficient intensity over the range of

hydrogenation as well as to avoid possible finite-size effects on the plasmon frequency. As shown in

Fig. 7.18(b) the plasmon loss intensity decreases gradually and almost vanishes 14 L H2 exposure. Sim-

ilarly, decline of the ×2 periodicity was also observed in diffraction experiments as well, however, only

after 15 L H2 dose. In addition, the FWHM of the plasmon loss also increases with a similar trend. This

observed behavior might be related to an increased scattering rate. It worth noting that the increase

of FWHM is most likely associated with a concomitant lifetime broadening due to the interaction of

plasmon dispersion with the single-particle excitation.
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Figure 7.19: Plasmon dispersions of the clean and hydrogenated Si(553)-Au surface. Green data have
been obtained from the 10 L H2 adsorbed surface after 7 hrs to elucidate the negligible
effect from the electron beam. The dashed lines stand for an empiric fit, as described in
Section 2.2.2, only assuming that the dispersion curves have to start at zero in the long
wavelength limit.

From the peak positions of plasmonic losses by applying the fit procedure shown in Fig. 6.12, the plas-

mon dispersion as a function of k‖ has been extracted. These are shown for the clean and hydrogenated

surfaces in Fig. 7.19. The H-induced reduction of slope in the dispersion is now seen more clearly. While

minor changes are already seen at a H dose of 4 L, the slope is about 30 % smaller at 10 L.

Comparing with the band structure calculations shown in Fig. 7.21, the excitation spectrum from EF

to empty states above EF is virtually unchanged up to an average occupation probability of the Si step

edge of about 35 %. This number must be exceeded with the 4 L exposure, while only a relatively small

increment up to less than 50 % occupation is necessary to explain the observed changes of slope in

dispersion. Furthermore, it is obvious from Fig. 7.19 that the data after H exposure deviate from the ex-

trapolation to zero energy in the long wavelength limit. This finding is compatible with the assumption

of H-induced disorder that reduces the possibility of free propagation of plasmonic waves to the limit

where only dispersionless standing waves still can exist. Such standing waves allow the excitation of

plasmons by infrared radiation (IR), which has been investigated in detail after oxidation of this system,

as discussed in Section 7.3.

Site-Specific Adsorption — The present, as well as earlier studies, show that saturation of different

chemically reactive sites on vicinal (pristine as well as metal deposited) surfaces has individual effects

on electronic properties. Therefore determination of occupation energy of specific adsorption sides
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contains fundamental information for subsequent adsorption studies.The PES for adsorption of atomic

hydrogen on Si(553)-Au calculated by C. Hogan et al. [33] shown in Fig. 7.20. It shows that the hydro-

gen chemisorption happens in different stages. Thus, step edge Si atoms leads the favorable adsorption

sides with -1.1 eV potential energy shown as the first stage minimum in Fig. 7.20. This is replaced with

Si-HC atoms for further H exposure at -0.7 eV. It has been shown that charge redistributes between the

step edge and Au chains happen upon H adsorption, while H also changes site reactivity. [265] It was

shown that upon step edge hydrogenation, the three-fold periodicity that appears at low temperature

is also suppressed. [33] This opens another interesting question for manipulation of spin ordering by

selective doping, which is beyond the objective of this thesis.

Figure 7.20: Left: Top view of the Si(553)-Au surface with atomic hydrogen atoms (blue balls) adsorbed
at the Si step edge. In both figures, Au atoms are given in yellow color others are Si atoms.
The coverage shown corresponds to 1H per (5×2) unit cell, which is highlighted in gray.
Right: Simulation of the PES for atomic H adsorption on the clean Si(553)-Au surface.
Most favorable adsorption sites are numbered in a sequence. Here, yellow, large, and
small green circles correspond to the gold, upper edge, and lower step edge Si atoms,
respectively. Please note that although the periodic boundary conditions employed in the
calculations lead to a regular array of H, adsorbed atoms are most likely not perfectly
ordered in experiments. PES adapted from Ref. [33] with permission. Copyright 2018 by
the American Physical Society.

Modification of Electronic Bands — For a quantitative analysis of the plasmon dispersion, the close

relationship between the upper edge of the electron-hole continuum and the plasmon dispersion has

been employed. As discussed in previous sections, for the quasi-1D systems it turns out to be particularly

simple. Thus, if the quasi-1D array of wires is considered as a 2D electron gas that is confined to a wire

of finite width by an appropriate potential the plasmon dispersion for a single isolated wire is related

to single-particle excitation zone via Eq. 5.2. Pure electron donation to the well-defined edge sites,

compensated by background charges, was recently found to be sufficient to mimic the influence of H

adsorption at the step edges on band structure [33]. Fig. 7.21 shows the effect of additional electronic

charge on the Si(553)-Au band structure along the Au chain. The calculations are performed in a (5×2)
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unit cell, adding various fractions of an elementary charge. This cell features a full mini-terrace and ×2

periodicity along the chain. It thus allows us to describe the effect of electron doping on the dimerization

of the Au chain, too. At low electron doping concentrations, the band structure modification mainly

concerns the occupied states and leaves bands close to the Fermi level almost unaltered. This situation

drastically changes for electron doping higher than 0.75 e per (5×2) unit cell. From this point, the

Au-derived sp band above EF starts to move downward. The unoccupied bands are rigidly shifted

downwards so that no fundamental band gap can open at any concentration.

Figure 7.21: Electronic band structure of the Si(553)-Au system calculated by DFT as a function of
electron doping. The additional elementary charge per (5×2) unit cell and the Au dimer-
ization, d, (see text) are indicated above each graph. The sidebars depict the change of
dimerization between Au chains. The Γ−Y direction is roughly parallel to the Au-chain.

The electron doping by addition of external charge is also coupled, but in a highly nonlinear manner,

with both the dimerization parameter d defined as the relative deviation of the Au-Au distance from

the Si lattice constant a0, d = (a1 − a0)/a0 [25], and with the form of the Au-related bands above the

Fermi level. Indeed, only after a certain threshold, the Au-related bands are occupied, which leads to

the observed enhancement of dimerization. It has been pointed out recently that artificially increas-

ing the chain dimerization results in an opening of the electronic band gap between the Au related

bands. This effect confirms the direct and strong coupling between Au-related electronic bands and

chain dimerization. Indeed the results of Fig. 7.21 predict an enhancement of the chain dimerization

and, in turn, of the ×2 periodicities upon electron doping. The parameter d develops almost linearly as

a function of elementary charge donation, as shown in Fig. 8.1. The discussion regarding the coupling of

dimerization and band gap opening will be extended in Section 8.1. Nevertheless, as already discussed

in Section 7.4.1, H-induced enhancement of dimerization amplitude is limited to a certain dose where

structural distortion due to random adsorption takes over the whole surface properties.
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Figure 7.22: Calculated electronic band structures for the clean (left) and the hydrogenated (middle
and right) HCWs phase. The dimerization of the clean and after H adsorption is shown
schematically at the right side of the respective band structure. For the band structure cal-
culations, the model given in Fig. 7.20 was used. H adsorption was tested as an elementary
charge transfer to the 5×2 unit cell. The upper boundary (ω+) of the electron-hole con-
tinuum, derived from the plasmon dispersion by the procedure described in Section 2.2.1,
is shown by blue circles as an overlay to the corresponding bands for the clean (left) and
the hydrogenated surface (middle).

In order to make a more direct comparison between the measured plasmon dispersion and the calcu-

lated band structure, the dispersion of ω+ was determined from the measured plasmon dispersion ωP

using the assumption discussed in Section 2.2.1. For this, ω− was obtained from the calculated band

structure (shown in Fig.7.22) with the assumption that the topmost occupied Au-induced metallic band

can be approximated by a parabola close to EF . This even quantitative agreement of the dispersion of

ω+ with the calculated band structure, as derived from plasmon spectroscopy after adsorption of 10 L

of H, is remarkable and again proves the usefulness of plasmon spectroscopy for getting quantitative

information about the unoccupied part of the band structure close the Fermi level. Furthermore, it gives

clear evidence for the H-induced widening of the band gap to about 0.2 eV. This widening is coupled

with an increase of the amplitude of dimerization by roughly one order of magnitude. These results are

also in qualitative agreement with the calculations by Hogan et al. and corroborate the interconnection

between band gap opening and dimerization [33]. This interrelation is caused by the hybridization of

Au-related bands with the Si surface bands near the Fermi level. The modification of the unoccupied

band structure due to this hybridization and its significant deviation from a parabolic dispersion pre-
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vents the plasmon dispersion to enter the electron-hole pair continuum (or Landau damping zone). In

other words, the free-electron gas picture turns out not to be adequate for the description of plasmon

dispersion in this class of systems.

The disorder introduced by hydrogen adsorption in this system affects strongly its plasmonic prop-

erties and limits the range of observability in momentum space. As already shown in Fig. 7.16, doping

with hydrogen works almost perfectly up to 15 L H2, while the whole surface quality decreases for fur-

ther exposure. For this reason, the metal-insulator transition predicted from simulations at the DFT-LDA

level [33] is experimentally not accessible here. According to the calculations shown in Fig. 7.22(right),

the metallic band, as well as hybridized Si states, almost disappear from the unoccupied part resulting

in ∼400 meV wide indirect energy gap after adsorption of 2H atoms per 5×2 unit cell. Also, one should

note that no localized states were formed at this surface, which was observed for Si(557)-Au after hy-

drogen adsorption. As a result of an increased adsorbate-induced disorder in the experiment, it was not

possible to achieve a sufficient concentration of doping required to drive a metal-insulator-transition.

7.4.3. Hydrogen-Induced Plasmon Localization on Si(557)-Au

Compared with Si(553)-Au, higher chemical reactivity and interaction complexity are expected, since

the terraces are larger and Si adatom and restatom chains with unsaturated dangling bonds exist. The

low energy electron diffraction patterns of clean and hydrogen-exposed Si(557)-Au surfaces are shown

in Fig. 7.23. Details of the diffraction pattern for the clean surface have been discussed in Section 6.1.

[110] 

↑↑
[112]

0 L H2

a)

+12 L H2

b)

Figure 7.23: SPA-LEED patterns of clean Si(557)-Au (a) and the same surface after adsorption of 12 L
of hydrogen (b). Primary energy: 138 eV. The line scans were generated by integrating the
intensities along [112] for each k point along the [110] direction and normalization to the
central intensity.

The bright integer order spots in both images are from the Si step train, characteristic of a periodic

sequence of (111) oriented nano-terraces separated by double Si steps. As obvious from the diffraction

patterns, hydrogenation leaves the overall step structure unperturbed, while it induces disorder, best
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seen as an increase of the diffuse intensity around the integer order spots (see Fig. 7.23(b)) and an

overall increase of linear background. Moreover, the intensity of the ×2 streaks is reduced upon H

adsorption. However, no direct conclusion can be drawn about Au chains, since the ×2 streaks are not

due to Au chains. Nevertheless, distortion of whole surface perfections affects metallicity associated

with the Au chains in a similar way as on other surfaces. Please note that hydrogen exposures are given

for molecular hydrogen, i.e., only about 5 % is atomic H (see Section 4.5).

Fig. 7.24 shows a set of EEL spectra from the clean and hydrogenated Si(557)-Au surfaces acquired at

room temperature with the momentum transfer parallel to wires. As already discussed in Section 7.2 and

also in Ref. [23,31], dispersing plasmons on this surface exist only along the wires. Although dispersion

appears only in this direction, it is only apparently compatible with the quasi-1D theory. [31,81]

Similar to Si(553)-Au, here also hydrogen adsorption induces an additional nondispersive loss around

100 meV, which demonstrates the chemical interaction of hydrogen with the surface (see Section 7.1).
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Figure 7.24: Set of EEL spectra as a function of k|| from the clean Si(557)−Au surface (left) and after
hydrogenation with 10 L of H2 (right). In both cases, a dispersing of plasmon loss is only
seen for a momentum transfer in the [11̄0] direction or parallel to the wires. The spectra
were normalized to the elastic intensity and shifted against each other for better visibility.

The results presented here are completely different from those caused by oxidation of the same surface

(see Section 7.2). The observed effects must be mainly driven by atomic hydrogen in the present case.

Although the surface keeps its anisotropic metallicity, strong changes of plasmon frequency are observed

upon hydrogenation. As shown in Fig. 7.24(b), the loss curves broaden and also the signal-to-noise

ratio decreases after hydrogenation. Therefore, the experimental investigation of hydrogen exposure is

limited to ∼20 L in this particular case.
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The obtained plasmon dispersions are presented in Fig. 7.25 together with that of the clean surface,

which is almost linear due to Au-Si hybridization close to EF . The dashed line in Fig. 7.25 is a fit from

a modified empirical model as described in Section 2.2.2. It takes into account the experimental band

structure and density of states. Taking into account the lateral distance d = 19.2 Å, electron density

n = 2.45× 107 cm−1 and the line shape was fitted using the relation given in Eq. 5.1. For this, the 1D

electron density n= 2kF/π and m∗ were extracted from the S2 band in ARPES data [65] considering it

as a parabolic dispersion in the vicinity of EF . This fit yielded a wire width of ∼5 Å, compatible with a

single atomic chain.
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Figure 7.25: Plasmon dispersion for the clean and hydrogen adsorbed Si(557)-Au surfaces (a). The
dashed line for the clean surface dispersion is from an empiric model (see Section 2.2.2 for
further details). (b) and (c) show the changes of plasmon frequency at defined low k (k||
= 0.02 Å−1) and high k (k|| = 0.10 Å−1) region as a function of hydrogen exposure.

Turning now first to the low k part of the dispersion, obviously, the plasmon excitation energy in

the long wavelength limit (close to k|| = 0) continuously raises as a function of hydrogen exposure up

to 290 meV after 20 L H2 exposure (see Fig. 7.25 (a,b)). This effect is quite common for atomic wire

systems and can be described as a finite-size effect due to the break-up of the conducting chains into

sections of smaller and smaller lengths as a function of increasing hydrogen exposure. On the other

hand, this effect is able to hide the possible opening of small band gaps close to EF . No such band

gaps, however, seem to be present up to the hydrogen coverage investigated here, as concluded from

the calculated band structures (see following Section 7.4.3). For larger k|| values (k|| > 0.05 Å−1) the

dispersion crosses that of the clean Si(557)-Au system and then quickly levels off at constant energy

of 0.43 eV. This behavior turned out not to be dependent on H2 exposure above 10 L, i.e., it saturates

there (see Fig. 7.25 (a,c)). Since the plasmon frequency for these k-values is directly coupled with the
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upper edge of single-particle excitations close to EF , this behavior is a clear indication for a band gap

opening in the unoccupied part of the band structure that is large enough to be also relevant for plasmon

dispersion.

7.4.4. Comparison with the Theoretical Model

The results obtained in the previous section were corroborated by the DFT calculations for a better

understanding of the underlying mechanisms. For this, first of all, the preferential adsorption sites for

atomic hydrogen were tested. The potential energy surface (PES) for the adsorption of atomic H on

the clean Si(557)-Au surface calculated in the group of S. Sanna is plotted in Fig. 7.26 (a). It shows

a corrugated energy landscape, with global minima close to the Si step edge atoms and local minima

close to the adatom and restatom chains. The PES furthermore suggests that H adsorption on the Au

chain is not energetically favorable. Please note that due to the constraints on the atomic relaxation, the

PES does not represent the adsorption energy. The latter is obtained starting a structural optimization

without any constraint from the minima of the PES.

Figure 7.26: PES to define the most preferable adsorption sites for atomic H on Si(557)-Au. (a) PES for
the adsorption of atomic H on the clean Si(557)-Au surface. Darker regions mark favorable
adsorption sites. The atomic structure of the surface termination is overlaid. Si honeycomb
chain atoms are represented in red, Si adatoms in blue, and Si restatoms in green, while
other 4-fold coordinated Si atoms are in gray. (b) PES for the adsorption of atomic H,
assuming a H atom is already adsorbed at the Si step edge, in the position marked by a
cross. The PES was obtained with a fixed surface atoms.

The adsorption energy at the lattice site X is estimated as: Eads = EH@Si(557),X
slab − ESi(557)

slab − Egas(H).

The calculated values are shown in Table. 7.1. Both the adsorption at the Si step edge and the restatom
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site are very stable and characterized by very similar energy. H adsorption at the Si adatom also leads

to a strong bond with the substrate, although less favorable by about 0.6 eV than in the case of Si

step edge atom. Moreover, the H adsorption at the Si step edge changes the global minimum for the

adsorption of a second H atom close to the restatom (see Fig. 7.26(b)). Again, the H adsorption on the

Au chain is not energetically favorable. In all the configurations investigated, the H adsorption does

not significantly modify the morphology of the clean Si(557)−Au surface, which supports the results

obtained in diffraction experiments (see Fig. 7.23).

From these calculations, it was concluded that atomic H is adsorbed close to the restatom site and

at the Si step edge. However, since adsorption is a random process, and the H adsorption modifies

the energy landscape, transient, i.e., metastable occupation of the adatom sites may be occupied with

some probability. Adsorption at the gold chain, on the other hand, can be excluded, since the energy

difference to the most favorable sites is large.

Table 7.1: The adsorption energy of atomic H adsorbed at different sites of the Si(557)-Au surface. The
adsorption energy is given in eV per (5×4) surface unit cell, the bond distance to the closest
atom (Si or Au) is given in Å.

Adsorption site Adsorption energy Bond distance

Si rest atoms - 4.65 eV 1.503 Å

Si step edge - 4.55 eV 1.503 Å

Siadatom - 3.91 eV 1.507 Å

Auchain - 3.16 eV 1.823 Å

H-Induced Band Structure Modification — For band structure calculations, a unit cell of (5×4) pe-

riodicity was used to model the influence of the H adsorption on the electronic states, as it allows to

model more realistic H concentrations. Fig. 7.27(a) shows the band structure of the clean Si(557)-Au

surface, calculated for the slab with doubled periodicity in the chain direction. Comparing the band

structure with Fig. 7.27(b), both the band folding as well as the origin of the states can be recognized.

Again, (now at Γ , due to the folding) the relatively large band gap of 0.33 eV between the Au bands

(labeled as (1) and (5) in Fig. 7.27) was observed. With the assumption that not only the plasmonic

dispersion is closely related to the unoccupied single-particle band structure, but also that the charge

distribution, relevant for plasmonic excitations, closely follows that in these bands, this gap does not

allow the plasmon propagation without the presence of the adatom and restatom states (labeled by (2)

and (3) in Fig. 7.27) within the gap. Although these states do not close the gap, they reduce it to an

extent that the lifetime broadened bands overlap sufficiently to allow a continuous plasmon propaga-

tion [27]. In fact, they are also spatially close to the gold states and partially hybridize with them, so

that they can act as a “bridge” for the plasmons, and reduce the effective gap to 0.09 eV. To underline

these arguments, the squared wave functions at the Brillouin-zone center associated with the bands (1)

to (5) were plotted and shown in Fig. 7.29. Now, it can be also observed that the bands labeled as gold
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bands (1 and 5 in Fig. 7.27) are indeed a hybrid involving Au and adatom states. However, the band (1)

and band (5) have a slightly different degree of hybridization with the adatom states (see Fig. 7.29).

Figure 7.27: (a) Band structures calculated within DFT-PBE for the clean Si(557)-Au surface model with
a (5×2) unit cell. (b) shows the band structure calculated for a (5×4) surface unit cell.
The left panel of (b) shows the total band structure, while in the remaining panels, the
projection of the electronic states into atomic orbitals are represented. The color coding
of the surface states denote their localization in real space: bands with strong Si adatom
character are blue, bands with strong Si restatom character are green, while states related
to Si step edge atoms are red (see Fig. 7.26 for the corresponding structural motifs). (c)
illustrates the surface Brillouin zone of the Si(557)-Au surface with (5×2) and (5×4) pe-
riodicity.

As seen from Fig. 7.29, the step edge states are localized at a different surface region. Thus, they

are not suited to bridge the gap between the Au bands, even if they would have a suitable energy. The

H adsorption at all investigated sites modifies the electronic band structure by electron transfer from

H to the surface states. This modifies mainly the occupation of states spatially close to the adsorption

site. In turn, it has the principal effect of opening (or widening) the band gap between the Au bands in

the unoccupied part of the band structure and, most importantly, between adatom and restatom states,

in qualitative agreement with the experimental observation. However, the magnitude of this effect is

site-specific, since different bands are involved, as shown in detail in Fig. 7.28(b-d). As seen from the

energetic considerations described above, the change of restatom and step edge bands by atomic H

should play the dominant role on the plasmonic excitation.

The by far largest effect on the band structure is due to H adsorption at the Si step edge atoms,

shown in panel Fig. 7.28(b). Moreover, due to charge redistribution, the indirect gap between adatom

and restatom states extends to 0.171 eV. The occupation of this site alone, however, cannot explain the

experimental finding that plasma frequency is strongly limited at large k|| (see Fig. 7.25). H adsorption
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Figure 7.28: (a) Electronic band structure calculated for the clean Si(557)-Au surface using a (5×4)
unit cell. (b) Band structure after adsorption of one H atom per (5×4) unit cell at the step
edge, together with the projections of the bands onto the individual structural elements,
indicated at the top. (c), (d) as in (b), after adsorption of the same amount of H at the
restatom and the adatom chains.

close to the restatom, illustrated in panel (c) of Fig. 7.28, has the main effect of shifting downwards the

bands related to the restatoms. Before H adsorption, the restatom band is empty and above the Fermi

energy. The electron transfer to the restatom bands is counterbalanced by an upward shift of the step

edge bands, as the system has to remain charge neutral. This substantially modifies the electronic struc-

ture, causing a rearrangement of other bands. As a consequence, upon hydrogenation, the character of

the unoccupied band at about 1.9 eV (0.3 eV above EF at Γ ) switches from being mainly located at the

restatom to being located at the step edge.

The consequence of the excitation of the plasmons is a frequency cutoff because there is no overlap of

this band with the states of the gold chain (see Fig. 7.29). Since the restatom site is the most favorable

adsorption site, its occupation by H, together with further upward shifts of other bands, blocks its

bridging function of the gap in the unoccupied states. This explains why a clear upper boundary of

plasmon excitation appears on the H covered surface. In experiments, it appears at 0.43 eV, slightly

higher than the 0.3 eV found in the simulation. Finally, H adsorption at the adatom causes an important

electron transfer to an empty adatom band, which is downshifted in the valence band. Correspondingly,

as the system has to remain neutrally charged, the filling of the previously occupied bands is reduced,

resulting in an upward shift of the bands, as shown in Fig. 7.28 (d). Also, in this case, the widening of

the band gap is minor, and amounts to 0.096 eV. Since this state is occupied only to a small fraction,

it should not have any dominant influence on the excitation spectrum. Common to all investigated

cases is that the strongly dispersive Au bands are not really affected by the H adsorption. This is not

surprising, as the adsorption occurs spatially separated from the Au chains.
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Figure 7.29: Squared wave functions at the Brillouin-zone center associated with the bands shown in
Fig.7.27. The corresponds to the electronic bands is depicted with numbering. Color code
follows the structural motifs, as given in Fig. 7.26

Increasing the H presence at equivalent surface sites shows that the opening of the band gap is directly

proportional to the H coverage. The limiting case is represented by the adsorption of two H atoms per

(5×2) unit cell, saturating each band crossing the Fermi energy for the clean surface. Modeling this case,

e.g., with one H atom adsorbed at the step edge and one at the restatom, leads to the downward shift of

all the half-filled states related to the Si step edge and the restatom. No band crosses the Fermi energy,

and the system becomes insulating. This coverage, however, is never reached in the experiments. It

was estimated that in the experiments, maximum coverage of 1 H atom per (5×2) unit cell is achieved,

which is close to the scenarios described above.

In reality, the adsorption does not necessarily take place in an ordered manner. Fig. 7.26 (b) shows,

e.g., that the restatom site is the favored site once an H atom is adsorbed at the Si step edge. In

other words, the average and concentration-dependent effect of all the adsorption-induced changes in

the band structure discussed so far should be expected in the experiments. It is noteworthy that the
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theoretical results discussed above clearly reproduced the band-gap opening, which leads to the plasmon

localization in the experiment. This proves the sensitivity of the plasmon spectroscopy to minor changes

of the electronic states associated with the whole surface metallicity.

7.5. Modification of the Si(775)-Au Surface

According to the present model, Si(775)-Au possesses structural motifs that exist on both Si(553)-

Au and Si(557)-Au surfaces. Therefore, after investigation, the response of those individual systems

to additional adsorbates, studying their somewhat combined properties is highly interesting. In this

regard, detailed experimental studies for the oxygen and hydrogen adsorbed Si(775)-Au surface have

been conducted. Interestingly despite their different nature, the effect of both adsorbates is somewhat

similar. This is different in comparison with adsorbate-induced modifications of other similar surfaces

(i.e., Si(553)-Au and Si(557)-Au). This behavior shows the unique properties of this system despite

several similarities with the mentioned surfaces. These peculiarities were partially discussed in Section

6.4 and will be extended further in this section.

7.5.1. Surface Structure upon Oxygen and Hydrogen Adsorption

First of all, the structural changes after hydrogen and oxygen adsorption were studied by means of

SPA-LEED. Diffraction patterns for oxidized and hydrogenated surfaces are shown in Figs. 7.30 and

7.31, respectively. A detailed analysis of this surface was conducted in Section 6.1.2. Like the other

systems under investigation, H and O do not alter the periodicity of steps or the macroscopic surface

morphology. However, both adsorbates modify the ×2 periodicity, as well as the whole surface quality.

Thus, after a specific dose of both adsorbates, the ×2 periodicity is destroyed. Although oxidation

destroys the ×2 streaks, the effect of hydrogen is slightly different and increases the ×2 intensity at

low concentrations. Interestingly, the results obtained are similar to the response of Si(553)-Au to

hydrogenation and oxidation. According to the commonly accepted model, the ×2 streaks originate

from dimerized gold chains similar to the Si(553)-Au surface. Therefore, a similar increase of the

dimerization parameters is also expected upon the adsorption of atomic hydrogen.

For further insight, the details of the ×2 periodicity as a function of adsorbates were extracted from

the 1D line scans along the Au chains. For this convoluted Lorentzian and Gaussian functions were

employed after subtraction of a linear background (see Fig. 6.8 for more details about the fit procedure).

The results are summarized in Fig. 7.32. The remarkable effect of hydrogenation is the increase of

the ×2 intensity up to 20 L H2 exposure, where it begins to decrease almost linearly (Fig. 7.32(a)).

The increase of intensity is similar to the effect of hydrogen on the Si(553)-Au. On the contrary, the

correlation length, derived from the FWHM of the ×2 streaks, decreases rapidly and becomes half of

its starting value after 5 L H2 dosage. Therefore, a slight increase in intensity might be caused by the

relaxation of the surface upon hydrogen chemisorption. On the other hand, the induced disorder hinders

163



CHAPTER 7. TUNING METALLICITY BY SELECTIVE CHEMISORPTION

improvement in the structural parameters. Similar to the other surfaces, oxygen introduces disorder, as

seen from the continuous increase of half-width of the×2 streaks. Thus, after already 3 L O2 adsorption,

∼80 % drop of the ×2 intensity is observed. Moreover, an annihilation of step sites is evident from the

increased diffuse intensity around the central spike (see Fig. 7.31).

Figure 7.30: SPA-LEED patterns of Si(775)-Au, before (a) and after oxidation (b). Images were recorded
at RT with 138 eV primary energy. Line profiles (white lines) were generated by integrating
the intensities along [112] for each k point along the [110] direction and normalization to
the central intensity.

Figure 7.31: SPA-LEED patterns of Si(775)-Au, clean (a) and after 50 L of hydrogen adsorption (b).
Images were recorded at RT with 138 eV primary energy. The line scans were generated
by integrating the intensities along [112] for each k point along the [110] direction and
normalization to the central intensity.

The correlation length along the Au chains shows an almost linear decrease as a function of oxygen.

Interestingly, the observed minimum correlation length (∼7 nm) after the maximum exposure to O2 is

similar to that obtained after hydrogenation. Here, one should remark that the measured correlation
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length from SPA-LEED is susceptible to average imperfections and limited by instrumental broadening.

In general, decreases in intensity and shortening of the correlation lengths are much more severe

than other surfaces, in particular the Si(553)-Au. This shows a higher chemical reactivity of this surface

in the presence of Si adatoms, which contain two free bonds. The latter was found to be energetically

the most preferred site for oxygen adsorption on the Si(557)-Au. In addition, the step edge Si atoms,

which contain one unoccupied orbital per atom, are also preferred sites for hydrogen atoms on the

Si(557)-Au and Si(553)-Au surfaces. In conclusion, higher chemical reactivity of the Si(775)-Au sur-

face challenges the observation of the structural modifications upon H and O adsorption, which was

particularly observed for the hydrogen adsorbed Si(553)-Au (see Section 7.4.1).
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Figure 7.32: Evaluation of the ×2 streaks on Si(775)-Au upon hydrogen (a-c) and oxygen (d-f) adsorp-
tion. (a,d) Changes of the ×2 intensity as a function of hydrogen and oxygen adsorption,
respectively. (c,f) The inverse of deconvoluted FWHMs, which corresponds to a correlation
length along the wires. Parameters have been obtained from individual line scans along
the [11̄0] direction under corresponding exposure after fitting with a set of Lorentz and
Gaussian functions, as described in Fig. 6.7.

7.5.2. Plasmon Localization by Adatoms

Exemplary loss spectra for the clean and hydrogen exposed Si(775)-Au surface are shown in Fig. 7.33.

This surface shows a well-defined plasmon dispersion, with momentum transfer only parallel to the

wires. Plasmonic excitation and dispersion for the clean surface were discussed in Section 6.4. The

anisotropy is preserved after oxygen and hydrogen adsorption as well. Due to increased scattering

after both exposures, an increase of spectral background and widening of loss curves was observed, in

agreement with the diffraction studies (see Figs. 7.30 and 7.31). Moreover, the exponential decay is

also reduced upon both exposures. This indicates the saturation of dangling bonds, which leads to a

decrease in the available metallic electron density.

The appearance of the vibrational mode at ∼100 meV proves the chemical interaction between the

adsorbate (O or H) and surface atoms. As shown in Fig. 7.33(c,d), the plasmonic signal from the heavily
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hydrogenated and oxidized surfaces can be recovered by annealing for a few seconds at 350 ◦C and

850 ◦C, respectively.
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Figure 7.33: Electron energy loss spectra obtained for the clean (a) and hydrogenated (b) Si(775)-Au
surface. The dashed lines approximate the plasmon dispersion. (c) and (d) show the
temperature-induced recovery of the oxidized and hydrogenated surfaces, respectively.
While the hydrogenated surface can be completely recovered by heating to 350 ◦C, re-
covery of the oxidized surface requires a much higher temperature, e.g., 850 ◦C.

The sudden drop of the plasmon intensity, similar to the×2 intensity upon O2 exposure, demonstrates

the higher reactivity of this surface, especially compared to the Si(553)-Au. As illustrated in Fig. 7.34(c),

here only 12 L of O2 is enough to lose the plasmon signal. This shows that a higher concentration of

Si adatoms (or adatom chains) enhances the chemical reactivity of this surface against O2 by increas-

ing its spontaneous dissociation. Similarly, hydrogenation also broadens the loss width and reduces

intensity. In general, changes of the plasmon loss upon gas adsorption is dissimilar to the change of ×2

periodicities in the corresponding gas exposure. Thus, after 3 L O2 exposure, the ×2 intensity drops by

∼80 %, but the plasmon intensity shows only ∼10 % decrease. On the contrary, after 20 L H2 dose, ×2

intensity even increases by 10 %. However, at the same dosage, the remaining plasmon loss intensity

is only 30 % of that on a clean surface. These suggest that the plasmon intensity is sensitive not only

to the structural perfections but also to the electronic modification of the system (i.e., reduced electron

density, band gap opening, etc).

As clear from Fig. 7.34(b) and Fig. 7.35(b), plasmon energy at low k|| increases rapidly as the ex-

posures start. This can be interpreted as a consequence of two closely related processes. The first is

the formation of standing waves in the finite sections of metallic wires, which have been observed for

all similar surfaces, discussed in more detail for the Si(553)-Au in Section 7.3. The shortening of cor-

relation length of the ×2 periodicity after H and O adsorption (see Fig. 7.32), as seen in diffraction

experiments, directly indicates this effect.
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Figure 7.34: Plasmon dispersion for the clean and oxidized Si(775)-Au surface (a). (b) Change of plas-
mon energy at defined low k (k|| = 0.02 Å−1) and high k (k|| = 0.08 Å−1) points. (c) Change
of plasmon loss intensity recorded at k|| = 0.04 Å−1 as a function of oxygen exposure.

However, the wire quality is not the only limiting factor for the extrapolation of plasmon dispersion

to k→0. There is also the possibility of opening an energy gap in the proximity of the Fermi level.

Noteworthy, the increase of plasmon frequency is seen at slightly higher k|| values than where the

finite-size effect is dominant. Thus, unlike other similar surfaces (i.e., Si(553) and Si(557)), here both

adsorbate scale up the plasmon dispersion up to k||≤ 0.08 Å−1 (see Fig. 7.34 and 7.35). Therefore,

the observed increase is most likely due to the band gap opening at EF . In this case, minimum energy

equal to the band gap is required to excite plasmons at k= 0. Comparing the oxidized (hydrogenated)

and clean surface dispersions, this band gap is estimated to be ∼100 meV. As seen from Fig. 7.34(b),

approximately 6 L O2 is necessary for the complete opening of this energy gap. However, preliminary

band structure calculations have not reproduced this band gap, and therefore its explanation is currently

limited to the estimation mentioned above. This question is the subject of ongoing theoretical research.

Now the discussion will continue with the high k (k||> 0.08 Å−1) region, where a leveling-off of

the plasmon dispersion after both adsorbates is observed. This is similar to the hydrogen adsorbed

Si(557)-Au surface (see Section 7.4.3). Interestingly, for the present system, this happens after oxygen

adsorption as well. Thus, after both adsorption experiments, the plasmon dispersion is leveling off at

around 400 meV for k|| ≥ 0.08 Å−1. Leveling off at high k|| is a clear sign of the plasmon localization,

as already clarified for the hydrogenated Si(557)-Au surface in Section 7.4.4. As shown in Fig. 7.34 and

Fig 7.35, the leveling off almost saturates after ∼6 L of O2 and ∼45 L H2 exposures, which indicates the

robustness of the localized plasmon mode. This means that the system is highly electronically robust

against further modification and survives even after severe structural distortions. According to the

current model (i.e., Fig. 6.6), the Si(775)-Au surface shares the same structural motifs as the Si(557)-

Au surface but with a double Au strand per terrace. This behavior on Si(557)-Au was explained as
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an opening of an energy gap at the unoccupied part due to the occupation of Si adatom and restatom

bands. Moreover, the charge redistribution between those surface states reduces the effectiveness of

further charge donation.
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Figure 7.35: Plasmon dispersion of the clean and hydrogenated Si(775)-Au surface (a). (b) shows
change of plasmon energy at fixed low k (k|| = 0.02 Å−1) and high k (k|| = 0.08 Å−1)
points. (c) Change of plasmon loss intensity recorded at k|| = 0.04 Å−1 as a function of
hydrogen exposure.

Comparison with the Theoretical Results — For a detailed analysis of the experimental findings dis-

cussed above, theoretical calculations regarding the oxygen and hydrogen adsorption have been con-

ducted in the group of S. Sanna. In the first step, PES was calculated to find the preferable adsorption

sites for the H and O atoms. The double-Au chain model (i.e., Fig. 6.6) was used for the calculations.

From these calculations, it is concluded that the adsorption of oxygen on the Si-HC chain is energetically

the most preferable. It is followed by the Si-adatoms with only 170 meV energy difference. In fact, the

small energy difference between these two adsorption sites would not be followed in the experiments.

On the other hand, adsorption is a random process, and most likely, adsorption of the first adsorbate

atom affects the energetic minimum for the second atom. Adsorption of hydrogen, on the other hand,

adsorption above the Si restatom, is the most favorable process. Similar to the other surfaces investi-

gated (i.e., Si(553)-Au and Si(557)-Au), H and O adsorption at the gold chain was found less favorable

and can be excluded from further discussions.

To get more insight into the electronic modification, the electronic band structure was calculated for

the clean surface and after hydrogen and oxygen adsorption. The results are shown in Fig. 7.36. First

of all, the results discussed in Section 6.1.2 were reproduced for the double atomic chain model (see

Fig. 6.6). Thus, the individual bands for the Si-adatom, restatom in the unoccupied state are visible at

the same energy. Moreover, the gold-related band is strongly hybridized with the band of Si-HC chains

close to EF . In earlier discussions, this hybridization was found to be responsible for a deviation from the
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free-electron character. Moreover, the lower energetic situation of the metallic band in comparison to the

plasmon dispersion (yellow band in Fig. 7.36) indicates that this band alone can not be responsible for

the plasmon dispersion. Therefore, the adatom and restatom bands play an essential bridging function

in plasmon propagation within the Si bulk band gap. This scenario is very similar to the Si(557)-Au

surface.

After adsorption of one hydrogen atom in the Si-restatom site, its corresponding band vanishes from

the band structure (i.e., shifts out of the range of the calculations), as shown in Fig. 7.36(b). On the

other hand, the Au-induced band shifts slightly upwards and expands into the band gap. This can

be explained as a charge redistribution between the electronic states. Besides, the Si-adatom band

moves up ∼100 meV. However, the Si-HC band changes only a little after hydrogen adsorption. This

can be rationalized considering its spatial separation from the adsorption site of H. As a result of the

ω+

Y'Γ
a)

E
-E

F
 (

eV
)

−0.6

−0.3

0

0.3

0.6

k|| (Å-1)

0.2 0.3 0.4 0.5

Y'Γ
b)

ω+

E
-E

F
 (

eV
)

−0.6

−0.3

0

0.3

0.6

k|| (Å-1)

0.2 0.3 0.4 0.5

ω+

Y'Γ
c)

E
-E

F
 (

eV
)

−0.6

−0.3

0

0.3

0.6

k|| (Å-1)

0.2 0.3 0.4 0.5

Figure 7.36: Electronic band structure calculated for the clean Si(775)-Au surface (a), after adsorption
of one H atom on the Si-restatom (b), and after adsorption of an oxygen atom on the
Si-adatom. The Si-restatom band in (a) vanishes after hydrogen adsorption at this site.
According to the PES calculations [266], the Si-adatom is the secondary minimum with a
small energy difference to the Si-HC. The yellow, red, blue, green and gray bands corre-
spond to the gold, Si-HC, adatom, restatom, and other Si surface states, respectively. For
the calculations, the double Au chain model shown in Fig. 6.6 was employed.

changes discussed above, a 150 meV wide electronic gap at ∼300 meV above the Fermi level is opened.

This is partially due to the vanished restatom bands and the resulting renormalization of other bands.

Comparing these results with the plasmon dispersion obtained after hydrogenation (see Fig. 7.35), the

leveling-off of the plasmon dispersion is semiquantitatively reproduced.

The effect of oxygen adsorption on the electronic bands has also been calculated within this double-Au

chain model. [266] Oxygen adsorption on Si-HC is found to be almost ineffective in these calculations.

On the other hand, oxygen adsorption close to the Si-adatom, which is the second preferential site,

results in a downshift of the Si-adatom, restom and Au bands (see Fig. 7.36(c)). This rearrangement of
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the bands results in the opening of a 300 meV direct band gap in the unoccupied part. Obviously, this

huge energy gap is the main reason for the plasmon localization found in experiments (see Fig. 7.34(a)).

Nevertheless, the calculated metallic bands after O and H adsorption (yellow bands in Fig. 7.36) show

lower dispersion compared to the plasmon dispersion. This is very similar to the clean surface, where

plasmon dispersion propagates>100 meV above the calculated bands. Since this energetic difference is

reproduced in several calculations, it should be related to the model itself, which is not fully compatible

with the experimental results obtained in this thesis (i.e., see Section 6.1.2).

In contrast to H adsorption, there is an apparent discrepancy between the calculated band structure

and plasmon dispersion, as shown in Fig. 7.36(c). First of all, the bands associated with the plasmonic

excitation can not be identified. In addition, the Si-adatom and restatom bands in the unoccupied part

are almost flat, and their contribution to the plasma excitation is also questionable. Moreover, there is

no indication for a band gap opening close to EF in these calculations. This finding may be an indication

that the model used is incorrect and needs further optimization.

Indeed, this model also contradicted the experimental diffraction pattern (see Section 6.1.2). More-

over, the low k part of the clean dispersion, which shows higher extrapolation, could not be explained

within this model. On the other hand, the overall slope of the clean surface dispersion could only be

satisfactorily matched to the calculated band structure. [31] Therefore, only a qualitative interpretation

of the opening of the band gap in the unoccupied state can be drawn from the current calculations.

Overall, despite sharing the common structural elements (i.e., according to the current double-Au

chain model) with other investigated surfaces, this surface shows a different response to H and O ad-

sorption. This proves that the properties of such atomic wire systems should not be restricted to indi-

vidual structural building blocks. While an interaction, response, and relaxation (or redistribution of

charge density) happen as a well-defined mechanism by involving the whole surface atoms.
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7.6. Summary and Conclusion

In summary, this chapter reported on the interaction of atomic wire systems with oxygen and hydrogen.

The obtained results demonstrated a practical approach for the fine-tuning of atomic wire properties

by modifying mainly the substrate regions that are not in close proximity of the ultimate chains. For

this, earlier discussed concomitant interactions between the atomic wires and embedded media were

extensively studied.

Noteworthy, all tested surfaces preserve metallicity even after heavy oxidation. In this regard, the

Si(557)-Au and Si(775)-Au surfaces show unique robustness because of site-specific oxidation, which

leads to renormalization and charge redistribution between specific bands. Although calculations and

experiments are not strictly comparable due to the assumption of ordered oxygen arrays adsorbed on

specific sites, the developed theoretical approach enabled the description of a kinetic sequence of prefer-

ential adsorption. On the other hand, oxidation of Si(553)-Au causes mainly the shortening of the chain

lengths. However, the shorter wire sections still possess metallicity that is accessible with IR-absorption

at k= 0. Although the optically excited mode is not propagating, so-called standing wave plasmons still

show strong anisotropy, i.e., it can be excited only with the polarization parallel to the wires.

It was found that the systems with Si-adatom and restatom chains (i.e., Si(557)-Au and Si(775)-Au)

surfaces) show metallicity that highly depends on these structural motifs. Although they do not directly

interact with the Au-made structures, their saturation leads to a band gap opening and plasmon local-

ization. On the other hand, H doping Si(553)-Au mainly results in the opening of a band gap due to an

indirect charge transfer to the Au-related bands. Since the magnitude of the band gap is linearly cross-

coupled with dimerization amplitude, charge doping leads to structural improvement of Au chains. By

employing the NFEG model with the established methodology, the experimental plasmon dispersion

was used to describe the excited-state band structure. It is noteworthy that almost quantitative agree-

ment was achieved between hydrogen-induced modification of plasmon dispersion and calculated band

structure for the Si(553)-Au system.

In conclusion, the discussed results showed that the influence of atomic hydrogen goes far beyond

the simple charge transfer. Similarly, oxidation does not merely result in a charge localization. In both

processes, charge transfer and redistribution, as well as rearrangement of the corresponding bands were

observed. Interestingly, despite many similarities of the investigated surfaces, the local structural ar-

rangement of different motifies determines the interaction mechanism with an additional adsorbate.

This indeed shows the peculiarity of such atomic wire systems. This chapter showed that the remaining

metallicity after interaction with the embedding media can successfully be tuned employing the inter-

action between the Au chains and the rest of the environment. This tuning is essential for fundamental

quantum physics as well, as it brings such systems closer to the use in nanoelectronics. The unexpected

effect of doping on metallicity also opens fundamental questions about the diversity of adsorbate-surface

interactions.
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Chapter 8
Self Doping of Atomic Au Wires

A S seen in the previous chapter, the doping of these systems in particular Si(553)-Au, with atomic

hydrogen tends to improve the quality of the dimerized au chains. In order to further analyze

such a fundamental relationship, this chapter focuses on the effect of Au doping on the Si(553) surface.

In this regard, changes in the surface morphology and/or local structural landscape will be discussed

extensively on the basis of the SPA-LEED results. This will be followed by a modification of the plasmon

dispersion and its relationship to the electronic band structure. Discussions on electronic and structural

cross-coupling will be further enhanced by atomistic DFT calculations.

8.1. Electronic and Structural Cross-Coupling on Si(553)-Au

The cross-coupling and/or correlation of structural and electronic parameters have already been ad-

dressed in Sections 6.3 and 7.4.2. Such coupling is more pronounced for Au atomic chains on Si(553).

This surface possesses two proximal dispersive electronic bands originating from the Au states, which

are characterized by the anticrossing interaction, resulting in the occurrence of an electronic band gap

of about 0.1 eV at about k|| = 0.3 Å−1. This small band gap has been previously predicted by similar cal-

culations [24]. It worth noting that although there is experimental evidence of this band gap [27, 30]

it has not been addressed more precisely yet. To understand the origin of the crossing/anticrossing

behavior, DFT calculations were done by S. Sanna, where the opening of this gap was found to be in

coherence with a structural feature. Thus, the principal degree of freedom of the double gold chain

is the magnitude of the dimerization. Calculating the band structure for differently dimerized chains

were found that the value of the band gap is directly related to the dimerization, as shown in Fig. 8.1.

These results show that the crossing/anticrossing of the Au bands has a physical origin, which is highly

related to structural parameters of the double Au chains. However, its magnitude crucially depends on

173



CHAPTER 8. SELF DOPING OF ATOMIC AU WIRES

the details of the calculation. A pronounced substantially linear dependence of the band gap on the

chain dimerization is found. Since the dimerization of the Au chain is directly related to the magni-

tude of the lattice constant of the substrate, as d = (a1 − a0/a0), it, therefore, depends indirectly on

the formulation of the XC functional in DFT modeling. DFT−LDA calculations tend to underestimate

the Si lattice constant, resulting in a pronounced dimerization of 0.118. In contrast, DFT-GGA calcula-

tions overestimated the Si lattice constant, resulting in a dimerization that is one order of magnitude

smaller. [25]

As mentioned above, dimerization and band gap opening in the vicinity of E = 0.7 eV above EF are

linearly related, starting from a very small value for the clean system (see Fig. 8.1). This cross-coupling

of the structural and electronic properties was discussed for the doping of this system with atomic

hydrogen in Section 7.4.2. In this regard, the following results showed that this behavior could be

demonstrated more effectively by doping the Si(553)-Au surface with surplus Au coverage. Considering

that the metallicity of this system is due to the Au-induced superstructures, this doping is called self-

doping.

Figure 8.1: The magnitude of the band gap between the Au states as a function of the chain dimer-
ization. Inset shows the electronic charge density difference between the dimerized and
nondimerized Au chain. Blue regions indicate charge accumulation, while red regions indi-
cate charge depletion. The isosurfaces ±0.04 e/Å3 are shown. Si atoms are white, and Au
atoms are yellow. The (5×2) surface unit cell is highlighted. Adapted from Ref. [27].

8.1.1. Enforced Long-Range Atomic Ordering

LEED image for the as-prepared Si(553)-Au surface with 0.48 ML of Au is shown in Fig. 8.2(a). The

observed diffraction pattern was discussed in Section 6.1.1. The sharp and round integer order spots

originate from Si step trains, while the ×2 streaks belong to the dimerized Au chains.
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The LEED pattern after deposition of surplus 0.04 ML Au at RT is given in Fig. 8.2(b). It shows no

change of step train or its periodicity, but an increase of intensity and narrowing and straightening of

the ×2 streaks is noticeable. Similar behavior on this surface was also observed upon hydrogenation

(see Fig. 7.15).
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Figure 8.2: SPA-LEED patterns of the Si(553) surface with an optimum 0.48 ML of Au coverage (a),
after deposition of 0.04 ML of Au surplus at RT (b) and after subsequent annealing of the
latter surface at 650 ◦C for 1 second (c). The images were recorded at RT with primary
energy of 138 eV. The new facet and

p
3 spots are depicted with the red arrow and green

circle, respectively.

Similarly, no substantial changes in surface periodicity were observed when the Au concentration was

increased further at RT. But heating the surplus Au deposited surface to≥ 600 ◦C leads to appearance of

a (
p

3×
p

3)R30◦ structure. By a further increase of sample temperature up to 900 ◦C for a few second, it

is possible to desorb (and/or diffuse) small amounts of surplus Au. Annealing at this temperature leads

to the disappearance of
p

3-spots but also brings back the original width and intensity of the ×2 streaks.

Noteworthy, such structural recovery works perfectly up to 0.04 ML surplus Au coverage. Although for

the higher surplus Au coverages ×2 is still recovered upon annealing, the
p

3 spots gain more intensity

and triangular shape, which is the signature of gold islands formation [183,267]. Overall, the discussion

presented above shows the instability of this surface due to additional Au concentration. Such instability

induced by excess adsorbate atoms can be generalized for the Si(hhk)-Au systems (e.g., see Fig. 6.10).

And it underlines the crucial role of the adsorbed Au concentration for stable and perfect wire ordering.

In order to get more insight into the structural modifications of this surface upon surplus Au deposi-

tion, the correlation length for the ×2 periodicity was deduced from the 1D line scans along the [11̄0]

direction. For this, the line profiles were fit with the convoluted Lorentzian and Gaussian functions, as

described earlier in Fig. 6.7. The results from this fitting routine are shown in Fig. 8.3(b), and (c). Up

to 0.04 ML surplus Au coverage, the correlation length increases by a factor of 1.6 to a maximum value

of 32 nm, whereas further adsorption of Au leads to a sharp reduction of this quantity. Similar behavior

is also seen for the intensity of the ×2 streaks, as shown in Fig. 8.3(c). The enhanced correlation length
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and increase of intensity are presumably coupled with a loss of correlation of the×2 periodicity between

the adjacent terraces.

When exceeding the amount of Au, both correlation lengths and intensities drop quickly, meaning

that now the effect of disorder introduced by the additional gold atoms dominates over all other effects.

This behavior was observed in hydrogen adsorption as well. Hydrogen, however, did not introduce a

new facet even at extremely higher concentrations. Moreover, annealing of hydrogenated surface to T

> 350 ◦C resulted in desorption of hydrogen without significant disorders.

Figure 8.3: Spot profiles (a), correlation length along the Au chains (b), and changes of ×2 intensity (c)
as a function of surplus Au deposition. Data set were deduced from line scan in the (11̄0)
direction after fitting with convoluted Lorentzian and Gaussian functions. The correlation
length is given as the inverse FWHM of the Lorentzian function.

In contrast to the hydrogenation, when annealing a sample with a total Au coverage of 0.52 ML (or

more up to 0.68 ML) to 650 ◦C or when directly preparing the Au layer at this temperature, an admixture

of (
p

3×
p

3)R30◦ structure was found. Both intensities and half-widths of the ×2 streaks were restored

(i.e., they get wider again) by this annealing step (see Fig. 8.3). In other words, the surplus Au atoms

phase separate from the atomic wires and coalesce into small islands with
p

3 structure that has a

local concentration of 1 ML [183]. This indicates that the surplus Au atoms are not incorporated into

the dimerized Au chains, since the destruction of Au chains requires much higher temperature (i.e.,

T> 950 ◦C). Therefore, the structural improvements upon surplus gold deposition at RT can also be

electronically driven due to charge transfer to the surface states, as it was already explained for H

adsorption (see Section 7.4.2).

It should be stated that the formation of larger
p

3-islands is not possible without changing the step

morphology. This is clearly seen when annealing a 0.15 ML surplus Au layer to 520 ◦C. New periodicities

with wider average terrace widths appear as obvious from the spot profiles recorded perpendicular to

the steps shown in Fig. 8.4. These partly disappear after annealing to 930 ◦C due to a loss of Au cov-

erage by partial desorption (and/or diffusion). Followed annealing of surplus surface forms ∼3×14.7
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Å wide larger terraces due to step bunching. Subsequently, the thermal annealing relocates Au atoms

from initially random distribution into periodic (
p

3 ×
p

3)R30◦ structure at the newly formed larger

terraces. The
p

3 structures show periodicity of ∼20×a|| along terraces. Even after heavy doping and

subsequent annealing, the macroscopic (553) orientation still survives (see the orange curve in Fig. 8.4).

The subsequent annealing, however, introduces a huge diffuse background that shows the destruction

of steps (see the red curve in Fig. 8.4).

Figure 8.4: 1D diffraction profiles recorded perpendicular to the steps. There is no qualitative change
after deposition of surplus gold at RT. Whereas, subsequent annealing gives rise to a new
periodicity and introduces a clear diffuse background to the first order spots. The intensity
is given on a linear scale. The spectra were shifted upward for better visibility.

Another interesting consequence of this annealing step is the appearance of the ×3 streaks, which

has been previously observed at only low temperature for the optimum surface coverage. At low tem-

perature, it is associated with the spin-polarized Si step edge atoms, which are, however, destroyed by

thermal fluctuation at finite temperature. Please note that this feature has also been observed for the

Si(775)-Au surface at higher Au concentrations (i.e., ≥ 0.65 ML Au) (see Section 6.1.3). Although no

detailed investigation has been carried out to find the origin of these streaks, it may be associated with

additional Au atoms adsorbed right at the edges of the steps. In fact, this statement is consistent with

the results of the total energy calculation, which shows the step edge as the most preferred adsorption

site for additional Au atoms.

The experimental results discussed above can be well understood from the structural optimizations,

searching for the minimum of the total energy in DFT calculations, after adsorption of one extra gold

atom into the (5×2) unit cell. As a first step, and in order to get an overview, the PES for adsorption of

an additional gold atom in this unit cell was scanned at different positions, shown with pointed greed

leaving the positions of all other atoms in the unit cell fixed. It is shown in Fig. 8.5. A clear preference

for adsorption on the distorted Si honeycomb-chain right above the step edge was found. Similar to
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hydrogen adsorption, Au sites are less favorable by around 2 eV compared to Si-HC chains.

Figure 8.5: Potential energy surface for adsorption of one additional Au atom. The darker areas at the
step edge correspond to the most favorable site for the first additional Au atom. The black
dots represent the positions tested for an additional Au adsorption.

A complete structural optimization was carried out based on these results, which is shown in Fig. 8.6.

The Au adsorption induces a notable structural modification at the honeycomb chain central atoms next

to the adsorption site. These two Si atoms (green balls in Fig. 8.6) are moved downwards and towards

the Au chain. This rearrangement was not observed with H adsorption. Most likely, the much higher

mass and size of the Au atoms in comparison to H play a crucial role in local relaxation. On the other

hand, the additional chain of Au atoms at the step edge not only modifies the structure there, but also

has a strong influence on the structure of the existing double-chain in the center of the terrace. The -

now asymmetric - dimerization of the double chains is strongly enhanced as illustrated in Fig. 8.6(b).

According to the results of this calculation, the increase of the dimerization after Au adsorption is two

times stronger than the case of H adsorption. This qualitatively agrees with the experimental results,

which also showed strong development of the correlation length after Au adsorption. The scenario just

mentioned implies that the structural enhancement upon surplus Au adsorption is not only due to the

indirect effect of the charge donation and band gap opening, but structural relaxation induced by heavy

Au atoms is also effective. In fact, this is the main difference between Au and H doping of the Si(553)-

Au surface. In addition, the asymmetric dimerization of Au chain (e.g., d1 6= d2 in Fig. 8.6(b)) after

adsorption of additional Au atoms at the step edge also evidences the stronger effect of Au than H.

In the experiment, surplus Au atoms at small concentrations up to 4 % ML, seem to have a similar

effect, although they reconstruct the surface much more strongly than atomic H, and thus are more

efficient than H. Unfortunately, when going to higher Au concentrations, disorder comes into play and

finally dominates, since these layers cannot be annealed without inducing structural changes to
p

3-

islands. The same holds for H, but again only at a significantly higher concentration, as visible by a

quick drop of correlation lengths and intensities when increasing either H or Au concentration beyond

their respective maxima. However, no new periodicity was observed upon H adsorption.

In real samples, stacking faults occur in the Au dimerized chain, which break the long-short sequence
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of the Au pairs. Stacking faults lower the structural order and/or long-range correlation by inverting

the Au dimerization phase, as schematically represented in Fig. 8.6(c), and cause the smearing of the

diffraction spots in electron diffraction. Notably, DFT calculations revealed that the formation energy

of a stacking fault rapidly grows with the Au dimerization. Therefore, formation of stacking faults in

doped chain (II in Fig. 8.6(c)) is energetically less favorable than the undoped chain (I in Fig. 8.6(c)).

Thus, doping of chains, particularly with extra Au, makes them more stable against defects and even

recovers the existing ones and improves the chain quality. [227] This finding shows interesting intrinsic

cross-coupling of electronic and structural properties, which certainly leads to self-healing and further

enhances the structural order as indeed observed experimentally (see Fig. 8.3).

Figure 8.6: Structural model for Si(553)-Au, before (a) and after adsorption of additional Au atom at
the step edge (b). The bottom panel displays a side view of the corresponding model. The
gray rhomboid depicts the 5×2 unit cell. Atoms are colored in order to make the structural
changes visible. The dimerization parameter d (averaged in (b)) is given at top of the
corresponding image. With an extra Au atom per 5×2 unit cell, the total surface coverage in
(b) corresponds to 0.6 ML. Au atoms are given in yellow, the rest are Si atoms. (c) Schematic
representation of the Au chains, before (I), after Au adsorption (II), and with an antiphase
segment between two idealized stacking faults (III).

8.1.2. Electronic Modification

The detailed description of the plasmon dispersion of Si(553)-Au has already been discussed in Sec-

tion 6.3. Here, the effects of doping with additional Au will be discussed, which shows particularly

interesting behavior. Electron energy loss spectra from the freshly prepared surface with 0.48 ML of

Au is shown in Fig. 8.7(a) together with those after doping with various Au concentrations at room

temperature. The increase of Au concentration beyond the optimum 0.48 ML with surplus Au results

in a strong redshift of the plasmon frequency as a function of Au surplus concentration. This change

of plasmon frequency is quantified at a fixed k|| value in more detail in Fig. 8.8. This redshift is not
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limited to this selected k|| point, but generally reduces the slope of the plasmon dispersion, as shown

in Fig. 8.7(b). From Fig. 8.8 (a), it is obvious that already the smallest amount of additional Au leads

to a redshift, which increases non-linearly as a function of Au surplus concentration. Interestingly, and

similar to the LEED intensity of the ×2 streaks, the plasmon loss intensity (see Fig. 8.8 (b)) goes through

a maximum at small surplus Au coverages before it drops quickly so that no quantitative measurements

are possible any more above a surplus concentration of 0.12 ML. Also, this maximum in plasmon loss

intensity is ascribed to improved ordering as small excess Au concentrations, presumably because of

stronger dimerization that makes the Au chains vibrationally more rigid. The reduced intensities at

higher Au concentrations also limit the accessible k-range. They are most likely the result of disorder

introduced by presumably random adsorption of Au surplus atoms at RT. This was also observed for the

H adsorbed surface (see Fig. 7.18).
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Figure 8.7: (a) Exemplary momentum resolved electron energy loss spectra from the clean Si(553)-Au

and as a function of Au doping and annealing. (b) Plasmon dispersion obtained for the clean
and after adsorption of surplus Au coverages at RT.

Similarly, the measured FWHMs of the plasmon losses go through a minimum at small excess Au con-

centrations before they increase (Fig. 8.8(c)), which supports the suggested improved ordering. The

increase of FWHM as a function of Au excess coverage above 0.05 ML must then be due to the increas-

ingly dominating effect of disorder, which also leads to an increase of measured plasmon losses in the

limit k‖ → 0 (see Fig. 8.7). The latter is only indicated in the presented measurements because of too

low intensities at small k|| and high Au concentrations.

Similar to the LEED observations, annealing of the surplus layers brings back the plasmon intensity,

peak width, and the original plasmon dispersion curve measured for a Au concentration of 0.48 ML.

Heating to 600 ◦C already turned out to be sufficient to bring back 90 % of the initial intensity. At these

temperatures, no desorption takes place, but thermal diffusion allows the redistribution of the surplus
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Figure 8.8: Changes of the frequency (a), loss intensity (b) and FWMH (c) of the plasmon loss on
Si(553)-Au as a function of surplus Au coverage measured at k|| = 0.07 Å−1. The light
green data points in all graphs were obtained after annealing of the doped surface at 930
◦C. Dashed lines are only guide to the eye.

Au atoms. This is consistent with the LEED studies, which showed agglomeration of excess Au atoms

into
p

3 structure. The wire plasmons turned out to be ultimately reversible upon annealing at 930 ◦C.

There is no low-energy plasmonic signal detectable from the
p

3-islands formed during annealing. Since

they are still 2D-objects [183], and the plasmon energy for a metallic 2D object has to go to zero in

the long wavelength limit, these Au islands have to be insulators. This also supports the fact that

the Au atoms adsorbed at the step edges act as a charge reservoir for the metallic states, but their

relocation into insulator packs breaks up this charge transfer channel. Therefore, the doping-induced

effects (e.g., enhanced dimerization, redshift of plasmon frequency, etc.) are restored by annealing at

high temperatures. Additionally, considering the cross-coupling between the electronic gap opening

and dimerization amplitude, the results mentioned above indicate the band gap opening. The opening

of a band gap is also supported by the reduction of the overall plasmon dispersion curve, as shown in

Fig. 8.7(b).

In order to address the electronic modification in more detail, electronic band structures for the

clean and one additional Au adsorbed surfaces (shown in Fig. 8.6) were calculated. The resulting band

structures are shown in Fig. 8.9. At first glance, charge doping to metallic surface states brings about

a band gap opening at the unoccupied electronic band structure and indirectly increases dimerization

or wire quality in order to preserve the metallicity. Thus, an additional Au atom extends the energy

gap to 350 meV in the unoccupied states, which is 2.5 times larger than 1H atom adsorption in the

same unit cell. Due to the linear relation between band gap and dimerization parameter d, the latter

also gets 2.5× higher value. This again proves that the structural improvement after Au deposition

is an indirect consequence of band gap opening, similar to H. However, the effect of Au adsorption

is not limited to the band gap opening but strongly modifies the rest of bands resulting in 100 meV

indirect band gap formation. Furthermore, the slope of the metallic band is also reduced. For the direct
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comparison of experimental and DFT results, ω+ is calculated from the plasmon dispersion using the

procedure described in Section 2.2.1. As already shown in Section 6.3.1, there is only one unoccupied

band (S1,2 above EF in this system, and ω+ should coincide closely with this band according to the

theoretical approach discussed in Section 2.2.1. The upper boundary of the single-particle excitations

as extrapolated from the experimental plasmon dispersion of the clean and adsorbed system is shown

Fig. 8.9. As shown there, ω+ is almost quantitatively agrees with the calculated band structure. This

again confirms the sensitivity of the plasmon spectroscopy to modification of the electronic bands mainly

close to the Fermi level. Noteworthy, the slope of ω+ indicates the widening of the band gap after

surplus Au adsorption. This strong match validates the structural model optimized for Au adsorption

and supports the underlying mechanism for reducing metallicity and enhanced structural parameters.

In this scenario, just described, the effect of surplus Au concentration can be interpreted in two steps:

At the small surplus concentrations (up to 0.05 ML), the modification of the surface properties is domi-

nated by doping. While at higher concentrations (∼0.1 ML), modification of the structural parameters

goes beyond the doping picture. Besides, calculations revealed that the enhanced dimerization makes

the Au chains harder and less prone to stacking faults. This effect can be interpreted as a self-healing

of the Au chain.
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Figure 8.9: Electronic band structures calculated for the HCWs phase on Si(553)-Au. (a) before and (b)
after adsorption of an additional Au atom at the step edge. In both graphs, E=0 corresponds
to the Fermi energy. The upper boundary of the electron-hole continuum (ω+) calculated
from the plasmon dispersion (Fig. 8.7) for the clean (blue circles), at a surplus 0.05 ML (red
circles) and 0.1 ML (green circles) Au deposited surfaces are shown.
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8.2. Summary and Conclusion

Doping of the Si(553)-Au system with a surplus Au concentration was discussed in this chapter. It was

found that at low surplus Au concentrations, the electronic and structural improvements are similar

to the doping with atomic hydrogen. However, Au atoms introduce a structural relaxation that has

not been observed upon H adsorption. Hence, this relaxation further improves the dimerization of Au

chains, which also strongly increases the energetic cost of defect formation in the chains. This results in

a spontaneous self-healing of defects such as stacking faults within the chains, so that long-range order

can be enhanced even by random adsorption.

Besides, excess surplus Au concentration destabilizes the stepped orientation of Si(553)-Au by form-

ing large terraces with a presence of
p

3 structures. The structural enhancement at small surplus Au

coverage and disorders at higher surplus Au coverage are reversible by annealing at high temperature.

The informational content obtained from the experiments was almost quantitatively supported with

the DFT calculations. Furthermore, the calculations showed that surplus Au atoms preferentially make

a new single atomic chain at the step edges, with higher mobility compared to the dimerized Au chains

in the middle of the terraces. Their less stability was also confirmed by the diffraction studies, which

showed that upon annealing at T > 600 ◦C, the surplus Au atoms coalesce into
p

3 structures, while the

dimerized chains survive up to ∼950 ◦C. Moreover, the upper boundary of the electron-hole continuum

derived from the plasmon dispersion validated the enhanced band gap in the unoccupied states.

In conclusion, this study extended our understanding of the cross-coupling between the electronic

and structural parameters of the double Au chains on the Si(553)-Au surface. Although a similarity

in the doping-induced modification of the electronic and structural parameters is seen, the underlying

mechanism and strength of the modification is ultimately determined with the adsorbate-surface inter-

action. In a general view, an adsorbate atom with a higher electron density and heavier mass has a more

substantial effect than H. The interaction mechanism might also depend on the intrinsic properties of

the employed surface. As preliminary discussed in the previous chapter, similar structural improvements

were also observed upon doping of the Si(775)-Au surface with atomic hydrogen. This shows that such

self-healing or structural improvements of atomic wires can be applied to the general class of 1D atomic

chain systems, which certainly requires systematic investigation.
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Chapter 9
Summary and Conclusions

T his chapter summarizes all significant findings and briefly evaluates the results. The chapter is

divided into parts following the major objectives, as discussed in the thesis.

In general, the present thesis investigated the plasmonic excitation in atomic wires in close relation to

structural properties and interaction with an embedding Si environment. The achieved results demon-

strated that plasmonic excitation in Au-induced atomic wires on Si surfaces is not perfectly restricted

to Au made structural building blocks but also highly related to the whole surface properties. Eventu-

ally, the plasmon spectroscopy is a powerful tool to investigate such ultimately small metallic objects.

Notably, the presented investigations extend the ongoing fundamental studies on atomic wire systems

to modify their intrinsic properties by employing the versatile interactions between the wires and the

surrounding environment. For this, different scenarios were put into experimental realization in close

connection with atomistic DFT calculations.

Plasmons on the Si(111)-(5×2)-Au Surface — In Chapter 5, the Si(111)-(5×2)-Au system was studied

with the SPA-LEED and extended potential of plasmon spectroscopy for the first time. The surface struc-

ture was investigated for different Au coverages and re-calibrated to 0.6 ML. In addition, it was found

that the measured plasmon dispersion is energetically only comparable with the EBH model, which

contains 6 Au atoms per the (5×2) unit cell, but contradicted the KK model at the Au coverage of 0.7

ML. In order to gain more insight, the upper boundary of the electron-hole continuum was numerically

derived from plasmon dispersion and compared to the calculated band structures. The calculated ω+
showed an almost quantitative match to the EBH model band structure, while its slope is much higher

than the KK model.

A metal-insulator transition (MIT) for this system was investigated by additional Au doping at RT.

Contrary to the previous results [196], it was found that the MIT does not depend on the number
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of Au atoms involved in the unit cell, but mainly determined with the surplus charge concentration.

This finding was further validated by H doping of this system, which showed qualitatively the same

behavior, revealing that the MIT is due to the charge donation. However, the exact mechanism of this

charge donation cannot be derived from the existing results and require more investigation.

Although the observed features could reasonably well be explained with the EBH model, there are still

several discrepancies that need to be clarified for this model. First of all, the EBH model contains a 5×1

unit cell, which is modified to the 5×2 by an additional Si adatom [163]. On the other hand, doubling

the periodicity along the Au chains results in a multiple band gap opening above the Fermi level, which

makes it incompatible with the presented results. Since previous studies [179] and the present investiga-

tion strongly favor the 0.6 ML Au coverage, the observed discrepancies must be related to the structural

model itself. The main concern about the EBH model might be the atomic arrangement, dimerization

parameters and Si-adatom concentration. In particular, the Si-adatoms, which appear spontaneously,

whose concentration can not be quantified in experiments, requires an exact assignment.

Interaction of Gold Atomic Chains with the Environment — One of the primary objectives of this

thesis was exploring the informational content of plasmon spectroscopy concerning occupied and un-

occupied parts of the quasi-1D band structure. In this regard, valuable new information has obtained

about the unoccupied band structure as demonstrated for the Si(hhk)-Au systems in Chapter 6. This

investigation showed that the atomic wire systems are characterized by the hybridization of the Au-

related electronic states with the less dispersive Si step edge bands. The relevance of hybridization is

demonstrated by the complete breakdown of the nearly free electron gas model, as revealed from the

plasmon dispersion. Moreover, the combined approach consisting of the plasmon spectroscopy and first-

principles calculations allowed for a consistent and almost quantitative description. It further showed

that plasmon spectroscopy contains essential information about the excitation spectrum, particularly

where a single metallic band dominates the surface metallicity (i.e., Si(hhk)-Au). Thus, using this in-

formation, localized modes at k→ 0 and propagating modes at high k||, and their modification under

certain circumstances were successfully demonstrated. The results revealed that although the electron

density relevant for plasmonic excitation is confined to the Au-induced bands, it is also highly related to

the interaction of these bands with other surface states. Because the coupling of the Au wires with higher

dimensions through the substrate cannot be neglected, the wires are more appropriately described as

an extremely anisotropic 2D object than as purely 1D.

Although the established methodology yielded a reasonable fit to the Si(553)-Au and Si557)-Au sur-

faces, there are still several discrepancies with the Si(775)-Au surface. Thus, according to the current

double-Au chain model, multiple band crossings of EF exist for Si(775)-Au. Also, it is not easy to single

out the precise contribution of each of these bands because of multiple hybridizations. It must be noted

that there can be more than one plasmon if more than one band crosses the Fermi level. Nevertheless,

most of the plasmons associated with the bands with a lower dispersion slope are expected to be so low
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in energy that they cannot be observed or resolved experimentally, touching one of the limitations of

this method. On the other hand, if the metallicity of this surface is due to several bands crossing EF ,

it would undermine the present approach to predict the unoccupied band structure for this system. In

fact, the determination of ω+ close to the Fermi level also depends on ω−, which is determined with

the effective mass of the unoccupied band. Conclusions about the occupied band structure are more in-

direct than for the unoccupied part, and mainly concern hybridizations and band crossings of the Fermi

level. However, they affect the excitation spectrum of electron-hole pairs and thus may turn out to be

relevant. For example, only when taking hybridization into account do we expect a single plasmon for

Si(775)-Au in the energy range observed in the presented experiments.

Although the bands investigated here exhibit only 1D dispersion, the present investigations also show

that there is strong 2D coupling, which can be considered as a crossover between 1D and 2D and gives

this term a deeper meaning. Therefore, it can be concluded that although these systems are among the

narrowest possible quasi-1D objects that can be realized, a pure 1D description is not adequate.

Robust Metallicity of Atomic Wires Upon Oxidation — Oxidation of such metallic atomic wire sys-

tems is the main challenge that they would have to meet for any practical utilization. Moreover, the

fundamental aspects of oxidation of these systems, which have not been understood yet, possess es-

sential knowledge about the response of the low-D systems. Interestingly, all the tested systems (i.e.,

Si(hhk)-Au) showed robustness against oxidation. However, it is susceptible to disorder introduced by

the adsorption of oxygen, which leads to the formation of standing plasmonic waves.

The robustness of atomic wires, which were generally accepted as susceptible to any external effect,

was highly unexpected and raised several interesting questions about the mechanism of interaction be-

tween oxygen and these surfaces. These questions were extensively studied for the Si(hhk)-Au systems

in Chapter 7. It was found that the surrounding Si surface elements, mainly, are oxidized at room

temperature. This oxidation process modifies the metallic channel induced by gold chains, but leaves

metallicity almost intact. Moreover, the numerically derived upper edge of the electron-hole continuum

together with the calculated band structure made it possible to define the kinetic sequence of preferen-

tial adsorption.

However, for the Si(775) surface, the finite energy in the low k region seen in the plasmon dispersion,

which is unique to this system, was not reproduced in these calculations, most likely due to the structural

model used, which contradicts several experimental observations. These discrepancies with the model

cannot be solved here and require more detailed theoretical optimization.

Despite many similarities of the surfaces investigated, oxidation and hydrogenation follow different

mechanisms and effects the properties almost differently. This is because the local structural arrange-

ment of different atomic groups determines the interaction mechanism with an additional adsorbate.

As an example, the systems with Si-adatom, restatom chains (i.e., Si(557)-Au and Si(775)-Au) show a

unique mechanism: after oxidation of the individual band, the rest of the band structure renormalize
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itself to compensate the reduced metallicity. Most interestingly, this mechanism compensates for the

energy cost of chemical interaction with oxygen so that the structural properties are almost preserved.

This indeed shows the peculiarity of such atomic wire systems.

Doping at the Sub-Nanometric Scale — In Chapter 7, doping of the atomic wires with atomic hydrogen

was successfully demonstrated. Hydrogen acts as a low-dimensional donor shifting the Fermi level

upwards. Since H does not directly interact with the Au chains, the underlying mechanism is not simple

doping, but requires concomitant changes in the band structure. Interestingly, while local relaxations

at the adsorption sites of H play a marginal role in this context, band filling is coupled directly with

the dimerization of the Au chains, i.e., band filling and metallicity can be tuned by changes in Au

dimerization and vice versa. This atomic scale effect could be seen in the diffraction experiments as an

increase in dimerization strength and correlation along the atomic Au wires. This nice finding opened

a specific case regarding cross-coupling between the electronic and structural properties of the atomic

wires.

In Chapter 8, it was found that the surplus of Au atoms affects the electronic and structural param-

eters, similarly. Moreover, the structural improvements were found to be stronger than the effect of

hydrogen at a similar concentration of elementary charge transfer. It was revealed that the surplus Au

atoms show doping character at low concentration and deviate from simple doping scenario by modi-

fying surface structure itself at higher surplus concentrations.

Interestingly, H-induced changes in the plasmonic excitations on the systems with Si-adatom and

restatom chains (i.e., Si(557)-Au and Si(775)-Au) goes far beyond simple charge transfer. Thus, not

only an increase of a band filling but also renormalization of the whole bands was observed. As a

consequence of this band rearrangement, a huge band gap in the unoccupied part is opened, which

blocks plasmon propagation. This results in a plasmon localization, which was observed as a leveling

off of the plasmon dispersion at a finite energy.

The presented studies in Chapter 7 and 8 showed that the remaining metallicity after interaction with

the Si surface could be successfully tuned employing the interaction between Au chains and the rest of

the environment. This tuning is essential for fundamental quantum physics as well, as it brings such

systems closer to the use in nanoelectronics. The unexpected effect of doping on metallicity also opens

fundamental questions about the diversity of adsorbate-surface interactions.

9.1. Outlook

In general, the present thesis answered several questions regarding the properties of the Au-induced

atomic wires on Si surfaces. On the other hand, these findings opened new questions that need to be

answered for a comprehensive understanding of such low-dimensional systems.

The possibility of tuning and manipulating the Si(hhk)-Au atomic wire systems on the atomic scale,
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which has proven to be successful in the present thesis, enables an exceptional and rather new approach

to study 1D quantum phenomena. This will undoubtedly lead to exciting research results in the future.

The established knowledge about atomic wire systems and plasmonic excitation in such narrowest pos-

sible systems paves the way for scaling plasmon-photon coupling down to atomic sizes. Indeed, the

potential of such coupling is not limited to ranging plasmonic devices to THz frequency and increasing

their sensitivity but also can be a powerful tool to search new entangled states such as one photon per

atom or spin. One feasible way to realize such a coupling might be using a momentum source, such

as structured surfaces, quantum dots, antidots, etc., to enhance electromagnetic wave frequency into

the plasmon frequency range to produce enough momentum to excite quasi-1D plasmons. In this the-

sis, such coupling could be realized for the shorter sections of atomic wires, but it still has not been

accomplished for long (undistorted) wires.

As discussed in this thesis, one of the interesting systems is the Si(775)-Au system. However, its

structural model and electronic properties do not match with the experimental findings and require

more experimental evidence and theoretical optimization. For example, the band gap opening at the

Fermi level after H and O adsorption has been observed for this system. However, no sign of such an

energy gap was reproduced in theory. The existence of an energy gap puts this system into another

category by questioning the origin of the observed metallicity.

The studies on the Si(111)-(5×2)-Au surface revealed the optimum Au coverage for the single and

multi-domain surfaces. However, the detailed mechanism of instability induced by additional Au atoms

is an interesting open question. Moreover, the absence of steps leading to the interaction of different

domains and most likely to increase inter-wire couplings makes the Si(111)-(5×2)-Au surface suitable

for studying the 2D crossover and the deviation from the one-dimensionality as partially discussed in

this thesis.

Another interesting finding was the doping of Au wires with surplus Au concentration. Although its

function has been partially addressed for the Si(553)-Au surface, enhanced wire quality and possibly

increased stiffness of the dimerized Au chains need a more comprehensive and systematic investigation.

For instance, doping of the Si(775)-Au surface with atomic hydrogen showed similar results. However,

the precise observation of such small structural changes was challenged mostly by the defects introduced

by hydrogen. Likely, using more stable surfaces and gold as a dopant would prevent such disorders

enabling a comprehensive analysis of structural and electronic modifications. On the other hand, since

plasmon spectroscopy is not sensitive to spin order as proposed for Si(553)-Au, the effect of charge

doping in this regard has also not yet been discussed.

Up to now, all experimental research regarding atomic wires has been conducted in a UHV condi-

tion. However, a detailed understanding of these systems, mainly against oxidation, would make their

utilization much easier. In this regard, one of the main steps forward might be implementing other

preparation methods to this field besides UHV compatible methods. Thus, the preparation of atomically

arranged surfaces in a chemically stabilized (or in equilibrium) environment would increase the chance
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of stabilizing them for the ambient condition. For protection in the ambient condition, another scenario

would be covering these surfaces with presumably organic molecules. In this regard, preliminary IR ab-

sorption results have been reported for the TAPP-Br (a core brominated tetraazaperopyrene) deposited

Si(553)-Au surface in Ref [94]. Although upon TAPP-Br deposition anisotropic surface metallicity was

found to survive, disorders in the molecular layer deposited and in the atomic chains lead to the shift of

the resonance to higher frequencies and a strong broadening. However, concluding the electronic and

structural modification requires systematic and complementary investigations.
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Chapter A
Plasmon Resonance Studies by IR

I n the framework of this thesis, IR spectroscopy was employed as a complementary method to study

Si(553)-Au surface after oxygen adsorption. The results from these experiments were discussed in

Section 7.3.1. Here, a brief description of the applied fitting model will be presented. The IR-absorption

experiments were performed in the group of Prof. Dr. A. Pucci at the Kirschof Institute for Physics,

University of Heidelberg.

Plasmons can be excited by IR radiation in the shorter sections of atomic wires, which results in

standing waves of coherently oscillating charges corresponding to oscillating electric dipoles (for the

odd orders). Similar to bulky nanorods, the first order plasmonic modes associated with atomic chains

manifests a strong IR signal. [268] Following the 1D plasmonic theory [81,269,270], the IR resonance

frequency can be approximated by the following relationship.

ωP L(q)≈ (
eq
n0
)

√

√

√n1D ln(1/bq)
2ε0m∗

. (A.1)

where q is the length of the wave vector, n1D is the 1D electron density, m∗ is the effective mass of the

electrons, e is the elementary charge, and ε0 is the vacuum permittivity. In Eq. A.1, n0 is the refractive

index, which considers the influence of the substrate and also possible over layers. The confinement of

the electron wave functions in the directions normal to the wires is considered by a Gaussian distribution

with a width of b. For finite wires with a length of l, the standing wave vector of the fundamental mode

can be estimated as q = π
l . Hence, the IR resonance position follows the following proportionality.

ωP L(l)∝

√

√

√n1D ln(l/bπ)/m∗

l · n0
. (A.2)
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The absorption spectrum around that resonance position can be estimated as the classical absorption

cross section σabs of a needle-like object hosting Drude-type metallicity [271,272], as following.

σabs =
n1D le2

m∗ε0n0c
ω2ωτ

�

�

ω2
P L −ω2

�2
+ω2ω2

τ

� . (A.3)

Here,ω,ωτ, and c is the circular photon frequency, electronic scattering rate, and the vacuum velocity

of light, respectively. Considering the absorption cross section in the expression for the transmission of

a very thin layer at normal incidence of light [273], the relative IR transmittance (normalized to the

transmittance of the non-absorbing substrate with refractive index ns) is given by the following relation.
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with

W =
N
A

n1D l e2

ε0 m∗ c
(A.5)

where n1D l is the number of oscillating electrons in a conductive chain with a length of l. The factor

N/A reflects the number of wires N per surface area A. Due to the random distribution of wire lengths, a

Gaussian distribution of resonance frequencies with width∆ω is assumed in Eq. A.4. [93,176,196,274]

Although the density of wires per area can be different in each preparation, assuming that the resulting

conductivity is identical, Eq. A.4 is used as a model function for the spectral fits.

Since the adsorbed molecules change the surface resistivity, changing the electronic scatter rate is

also anticipated. Moreover, charge transfer to the surface states changes the n1D
m∗ ratio [196, 275]. The

quantity n1D
m∗ may be considered as 1D analogue to the squared plasma-frequency parameter ω2

P ∝
n3D
m∗

of the 3D Drude model (with n3D as the free-charge carrier density in the 3D metal). The fit procedure

was applied to the measured IR spectra in which the fit parameters W,ωτ, and the averageωP L depend

on the adsorbate coverage, but the parameter ∆ω is kept fixed for each of the adsorption experiments.

According to the previous reports with the IR reflection-absorption spectroscopy on metallic surfaces,

the adsorbate-induced surface resistance reduces the broadband reflectance. [275–278] In IR transmit-

tance spectra of ultrathin metal layers, surface resistivity changes and charge transfer by adsorbates

show up as broadband changes with different frequency-dependent contributions [279]. Fundamen-

tally, the spectral shifts in plasmonic resonances due to the adsorbate-induced effects are different from

those of non-resonant metallic surfaces.

The obtained relative transmittance spectra were analyzed within the theoretical framework previ-

ously reported in [176, 196, 274]. Consequently, Eq. A.4 was used as the fit model to evaluate the

experimental results and derive the effect of the specific adsorbate on the plasmonic excitation asso-

ciated with the gold-induced atomic wires. The obtained results are summarized in Fig. A.1. The fit
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Figure A.1: Fit parameters obtained from the IR-transmittance spectra (given in Fig. 7.8) of the HCWs
on Si(553)-Au under different oxygen exposure by employing Eq. A.4. Adapted from Ref.
[94].

parameter ∆ω describes the resonance broadening due to the length distribution and is characteristic

for the preparation of certain superstructures.

Table A.1: Values for the electronic scattering rate ωτ and the plasmonic resonance frequency ωP L ,
which are used to normalize the data in Fig. 7.8, as well as the results for the Gaussian
broadening ∆ω.

Parameters O2 H2

ωτ (cm−1) 1351 ± 47 1087 ± 59

ωPL (cm−1) 1116 ± 51 560 ± 62

∆ω (cm−1) 259 ± 13 357 ± 37

Changes in the resonance positionωP L in Fig. A.1(b) indicate a modified average length distribution.

In principle, each curve in one experimental data set must be described by its individual Gaussian broad-

ening parameter. However, if the electronic scatteringωτ is much larger than∆ω, the fitting procedure

is less susceptible to changes in the non-dominant parameter. As a useful and proven approximation for

these systems, the ∆ω was used for all spectral fittings for the same initial superstructure preparation,

including those that eventually changed the distribution of the chain length.
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Chapter B
Supplementary Materials

Higher Au Coverages on Si(775)-Au — As already discussed in Sections 6.1.3 and 6.4.1, in order to

search for another Au-induced stable phase on Si(775), several Au-concentrations have been tested. It

was found that increasing Au concentration beyond the 0.32 ML destabilizes this surface by forming

large (111) terraces. Subsequently, excess Au atoms coalesce into the
p

3 structure at the new formed

(111) terraces (see Fig. B.1). Upon further increase of the Au concentration, the (775) surface refacets

into the (553) orientation. Besides, it was also found that additional Au atoms induce the×3 periodicity

as seen from Fig. B.1(a). Although this periodicity is formed at elevated temperature, it is vanished after

post-annealing at 930 ◦C, as shown in Fig. B.1(b). This shows that additional Au atoms do not form a

stable superstructure.

√3

×3

×2

[110]

↑↑
[112] 

a)          Si(775) + 0.96 ML Au b)  Si(775) + 0.96 ML Au, T=930 ○C

√3

×3

×2

[110]

↑↑
[112] 

c)          Si(553) + 0.66 ML Au

Figure B.1: LEED patterns for the 0.96 ML Au deposited Si(775) surface, before (a) and after post-
annealing at 930 ◦C (b). Images were recorded at RT with 138 eV primary energy. LEED
images for the 0.32, 0.56 and 0.65 ML Au deposited Si(775) surfaces are presented in Sec-
tions 6.1.2 and 6.1.3, respectively. (c) shows the 0.66 ML Au deposited Si(553) surface.
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Similarly, the ×3 streaks associated with additional Au adsorption at the step edges of Si(553)-Au

was also observed (see Fig. B.1(c) also Section 8.1.1). The latter was supported with DFT calculations,

which revealed new Au-induced single atomic chains at the step edges. In this base, the ×3 structure

seen on the Si(775)-Au surface at higher Au concentrations may also be related to the Au-induced

superstructures at the step edges. This was supported by preliminary DFT calculations. [266] However,

they have higher mobility than the Au chains in the middle of terraces and, therefore, can not survive

upon annealing at higher temperatures (e.g., T > 650 ◦C).
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Figure B.2: EEL spectra for the Si(775)-Au surfaces measured for different Au coverages with a momen-
tum transfer parallel to the wires.
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Figure B.3: Exemplary loss spectra for the Si(775)-Au surfaces measured for different Au coverages with
k⊥ to the wires. The dashed lines show the dispersionless loss feature likely associated with
quantum-well states formed perpendicular to the terraces.

The present study showed that this surface preserves its stepped morphology even at a Au concentra-

tion close to 1 ML. This may be one of the reasons why this surface exhibits anisotropic metallicity in

all Au concentrations tested. This anisotropy was revealed by the plasmonic excitation, which showed
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a clear dispersion only with the momentum transfer parallel to the steps, shown in Fig. B.2 and Fig. B.3.

As shown there, at the Au concentration of 0.96 ML, the surface gives a very weak plasmonic signal only

along the terraces. The less plasmon intensity in compression with other tested Au coverages might be

due to disorders induced by excess Au atoms.

As already discussed in Section 6.1.3 at Au concentration higher than 0.48 ML, the (775) orienta-

tion refacets into (553) surface. The metallic superstructures at the new terraces show much higher

plasmon dispersion than the OCWs phase. Interestingly, this new plasmon dispersion is very similar to

the dispersion measured for the HCWs phase on Si(553)-Au. The new facet and its plasmon dispersion

are preserved at even higher Au concentrations. This shows that the newly formed (553) facet is more

stable than the (775) (see Section 6.1.3). This is exemplarily shown for 0.48 and 0.96 ML Au deposited

surfaces (other coverages were presented in Figs. 6.19 and 6.17).
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Figure B.4: Plasmon dispersion for the Si(775)-Au surface measured for different Au coverages. The
blue area (same in both graphs) represents the SPE zone derived within the NFEG model
(as discussed in Section 2.2.1) for the OCWs phase with input parameters of m*= 0.08me, b
= 6.6 Å, gs = 1 and kF = 0.351 Å−1. The solid lines in all graphs represent the fit according
to the empirically modified model (see Section 2.2.2). Plasmon dispersion for the 0.32, 0.40
and 0.56 ML Au concentrations are shown in Fig. 6.17 and Fig. 6.19 in Section 6.4.1.

Sensitivity of Plasmon Spectroscopy and Electron Diffraction to Surface Coverage — As discussed in

Section 4.4, the gold evaporator used was calibrated using QMBs. The sensitivity of plasmon dispersion

and SPA-LEED to the surface order was used for further precision of the deposited Au concentration. For

this purpose, the Si(553)-Au surface at the Au concentration of 0.48 ML was employed. It is noteworthy

that after only 8 % deviation from this optimum Au coverage, the finite-size effect in the low k|| region,

and reduction of the plasmon dispersion at higher k|| were observed (see Fig. B.5). Also, the diffraction

intensity of the ×2 streaks goes through the maximum at this optimum Au coverage, while it is reduced

by moving away from it, as shown in Fig. B.5. Similarly, their half-width is narrowed by approaching

optimum surface coverage. This noticeable sensitivity of the SPA-LEED and plasmon spectroscopy to

the surface order enabled the reproducibility of the surface quality and the direct comparison of the
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different surface preparations.
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Figure B.5: The plasmon dispersions (left) and 1D diffraction profiles of the×2 streaks (right) measured
along the (11̄0) direction at Au coverages of 0.42, 0.44, 0.48 ML. Similar measurements
were frequently carried for validation of surface calibration. All surface preparations were
carried out in the same condition; only Au coverages were different.

The Si(557)-Au Surface at Low-Temperature — The temperature dependence of the plasmonic exci-

tations on the Si(557)-Au and Si(553)-Au surfaces were discussed in Section 6.5. However, no strong

temperature dependence was observed. Likewise, the surface structure of this surface changes only

qualitatively at low-T, as shown in Fig. B.6. Thus, by lowering the surface temperature, a linear back-

ground decreases and the ×2 intensity increases. The latter may be a sign of an increased correlation

between the adjacent Si-adatom chains due to surface relaxation. On the other hand, the new ×3 peri-

odicity has been seen for the Si(553)-Au surface in this work as well as in the literature [201,208,280].

The ×3 periodicity on the Si(553)-Au system is related to the spin ordering at the Si step edges to which

the plasmon spectroscopy is not sensitive. Therefore this has not been discussed in this thesis.
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Figure B.6: Diffraction pattern for the Si(557)-Au surface recorded at 80 K (a). The image recorded
with E0 = 138 eV. (b-d) Evaluation of the ×2 streaks deduced from 1D spot profiles along
the (11̄0) direction as a function of temperature.
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