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1. Introduction

In the last few decades the size of electronic devices, particularly integrated circuits,
has decreased rapidly. It is already foreseeable that in the decades to come the lateral
size of such structures will reach the scale of a few nanometers. Nowadays gate
lengths of transistors in integrated circuits can be as small as 65 nm, the thickness
of oxide layers in certain transistor types is already around 2 nm. The smaller the
structures get, the more often new problems occur due to the different physics in low
dimensions. To get reliable working devices new materials had to be introduced,
such as high k dielectrics. Apart from the problems within the semiconductor devices
itself there are also new problems arising from contacts to these structures. The size
of integrated circuits is already to some extend limited by the size of the metallic
contacts. Manufactures have undergone changes in the production process to use
metals with higher conductance such as copper instead of gold or aluminium in order
to shrink the sizes of on-chip interconnects down to 100 nm [1]. The question arises
where the size limit of such wires will be without losing their metallic properties. As
will be discussed in section 2.3 a truly one-dimensional conductor with one metallic
band is unstable and will become semiconducting [2]. On the other hand there are
already chain systems only 4 atoms wide reported, which show one-dimensional
conductance [3, 4]. It is obvious that investigations about the conductance of such
small metallic wires are essential for future applications. In chapter 2 I will give a
short review about known 1D conductors, examples how they can be prepared and
an introduction how to describe the electronic properties of low dimensional metallic
structures as well as possible non-metallic phases which occur for 1D structures.

Not only the electronic properties of nanowires but also their optical properties are
of importance. Conductance measurements on wires of atomic sizes, though possible,
are very complicated and not easy to use within production processes. Optical
techniques are already in use as monitoring probes for production purposes. I will
therefore focus on optical measurements of metallic nanowires and in what sense the
spectra can be correlated to electronic properties of these wires. In principle optical
techniques can also probe buried structures – an important aspect since protective
caps are needed to include nanowires in structures stable at ambient conditions. The
investigation of the optical properties of on-surface structures as performed in this
work is the first step in this direction.

In this work I will present mainly measurements of anisotropies in the free elec-
tron absorption but also interband transitions by reflectance anisotropy spectroscopy
(RAS). Additionally the vibrational modes of the system were investigated by Ra-
man spectroscopy (RS). Both techniques can be used in-situ during the formation of
nanowires and are therefore suitable to monitor wire properties during production.
The techniques will be introduced in chapter 3.

There are numerous systems with quasi one-dimensional properties. Necessar-
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ily this work can only discuss a few. Only wires prepared by self-organisation on
semiconductor surfaces, consisting of only one type of atoms. Indium, tin, lead and
caesium are the metals of choice – all bulk metals. Since substrate, growth tempera-
ture, flux and deposition time are varied, the morphology of the wires investigated
here still cover a wide range of possible geometries. The wire formation itself will be
discussed in detail for the individual systems. The investigated structures range from
comparably large systems such as the tin wires on InAs(110) (≈ 20 nm wide, chapter
4) to indium wires on Si(111) (≈ 1 nm wide, chapter 5) to already semiconducting Cs
chains on GaAs(110) (≈ 1 – 2 nm wide, chapter 6).

In this work it will be shown in what way optical spectroscopy provides direct
information on the conductance anisotropy of such structures. But also in the cases
where the conductance anisotropy is small or the nanowires are already semicon-
ducting it will be shown that with optical techniques the formation of the wires can
be monitored. Similarly optical techniques can give insights to the metal insulator
transition occurring for the indium wires on silicon for low temperatures.



2. Low dimensional metal structures

The subject of this work will be the optical properties of metallic nanowires. Con-
sequently structures which are usually called nanowires must be introduced. The
obvious definition that it is a wire with a width in the region of nanometres needs to
be specified. Only few examples of free standing cylindrical wires exist with widths
in the nanometre region. The term nanowire is applied to many more systems as long
as the dimension in two directions is in the low nanometre regime and the length
considerably larger. Depending on their preparation such structures are found on
surfaces, in liquid solution or embedded in solids. In the first section I will therefore
briefly review the methods of preparation commonly used.

As the focus of this work is on metallic nanowires, it is therefore important
to understand in what way the classical description of a metal, particularly the
description of the conducting properties in terms of a free electron gas, needs to be
modified if the width of a conductor is drastically reduced. The second part of this
introductional chapter will therefore be dedicated to the description of electrons in
1D structures.

2.1 Preparation of nanowires

The width of structures which are called nanowires ranges from about 100 nm to
a few Ångström. Apart from these variations in diameter, changes in length and
lateral arrangement are even greater, depending on the preparation method. Some
commonly used techniques will be reviewed here.

Lithography

Lithography is the method of choice for today’s production of integrated circuits
(IC), where the lateral arrangement of the material is the most crucial point. Today’s
conventional lithographic methods use UV light from excimer lasers. The structure
size is limited by the wavelength of the laser light (currently λ= 193 nm or 157 nm).
The width which is realised in today’s commercially available ICs is about 65 nm -
already below the diffraction limit of λ/2. This can only be achieved by an enormous
precision in the manufacturing steps and huge effort in the mask designs.

Other lithographic methods such as electron beam lithography, or the direct
scratching of the photo resist using an atomic force or scanning tunnelling microscope
can produce much smaller structures, but not in large quantities or on large areas as
required for current device production [5].

The most promising approach to reduce the structures with conventional litho-
graphic techniques is the EUV-lithography (extreme ultraviolet, 13 nm), currently
developed in joint ventures of the industry but also research institutes worldwide.
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It is planned to be introduced in mass production in 2009, though there are still nu-
merous problems involving the plasma lamps, and the need to introduce ultra high
vacuum conditions to the production process (details can be found in [6]).

Electrochemical deposition

Metallic nanoparticles themselves are even commercially produced by electrochem-
ical methods. Metallic nanowires can also be produced in such way. One technique
is electrochemical deposition of metals in structured membranes which are then dis-
solved in later production steps [7–10]. The width of wires produced in such a way
is determined by the pores of the membrane and the length by its thickness. It was
shown that gold or silver particles can be produced which are only 20 nm wide but
5 µm long [11].

There are numerous other methods such as the electrodeposition on cathodes
with electrolytes doped with trace elements such as Sn or Pb [12]. Other methods
are described in [10, 13]. For most of the electrochemical processes the nanowires are
prepared in a liquid and are randomly oriented. Hence single wires or wire arrays
need to be set up by a manual rearrangement, which so far is not easily possible.

Self-organised growth on structured or stepped surfaces

One elegant way for the preparation of isolated but oriented metallic nanowires is the
deposition of the metal on stepped surfaces. Depending on the type of adsorbate and
substrate, adsorption on step edges can be the favoured mechanism [14]. It is there-
fore possible to form single atomic chains on step edges. For vicinal surfaces this was
demonstrated on a variety of adsorbate/substrate combinations such as Ag/Pt(997)
[15], Ga/Si(112) [16], Au on Si(335),Si(557),Si(5 5 12) [17, 18], or Ag/Si(5 5 12) [19] sur-
faces. In all these cases the adsorption takes place on single atomic steps. The step
separation can be varied only by changing the offcut angle. On Si(111) it was shown
that very regular single atomic step arrays can be prepared as templates for such
adsorption experiments [20, 21]. By utilising step bunching, higher and more sep-
arated steps can also be prepared. In this case the step height and terrace width
not only depend on the offcut angle but also on the conditions upon preparation
[14, 20, 22–24].

The formation of nanowires on surface steps may provide the best way to combine
current processing techniques based on lithography, which is used to create the
template structure. The wire formation by the adsorption of the metal is then the
second step.

Metal atom surface reconstructions

Single (or multiple) atom wide chains can be prepared not only by step decoration, but
also on clean flat surfaces. Many adsorbate terminated surfaces have reconstructions
consisting of single atomic rows, dimer rows, or even larger structures [4]. Some of
these anisotropic surface reconstructions are known to show quasi 1D metallic prop-
erties such as the Si(111)-In:(4×1) [3], Si(111)-Au:(5×2) [25, 26] or InAs(110)-Bi:(1×2)
[27] surface. Other chains of metal adsorbates also show one-dimensional surface
states but are found to be semiconducting. Examples are caesium or sodium rows
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on III-V(110) surfaces (see chapter 6), GaAs-Sb:(1×1) [28], Si(111)-(K,Li,Na,Ag):(3×1)
[4, 29, 30].

These surfaces are ideal test cases for the investigation of electronic properties
of extremely narrow (2-5 atoms wide) metallic wires. The whole surface is cov-
ered by identical wires and a wider range of experimental techniques can be used,
since no high spatial resolution is required as in the case of individual wires. This
holds particularly true for optical surface science techniques which can be used to
investigate electronic but also vibrational properties of nanowires (see chapter 3).
Furthermore such surfaces can be calculated by ab-initio techniques which makes
direct comparison of calculations to measured properties possible (see 3.5).

For these reasons one of the best investigated surfaces the Si(111)-In:(4×1) recon-
struction, was chosen as the main test system for the investigations of the optical
properties of metallic nanowires (see chapter 5). Measurements on this surface are
the major aspect of this work.

Anisotropic island growth

Adsorption of a larger quantity of metal atoms on surfaces can lead to the formation
of islands. The shape of the islands formed not only depend on the adsorbate and
substrate material itself but also on the surface orientation and reconstruction before
adsorption. In some cases it is possible to grow larger anisotropic islands. Examples
are the formation of tin islands on InAs(110) or lead islands on Si(335) [31] as will be
discussed in chapter 4. In these systems the island size (and also shape) is determined
by the amount of metal deposited. The width, height and length of the island and
also the ratio of width/length changes when more material is deposited.

The orientation of nanowires prepared in this way is predetermined by the sub-
strate orientation and therefore does not vary, even on larger samples, though in com-
parison to the step adsorption or reconstructed surfaces the individual nanowires do
vary in shape and size. Nevertheless the whole surface is covered in similar islands,
which makes these structures ideal test cases for studies of the properties of the metal
nanowire with respect to its shape.

Other methods

The methods described so far are the ones most commonly used for the preparation
of metal nanowires. Semiconductor nanowires can be prepared with comparable
methods, while for another type of nanowires – carbon nanotubes – other methods
such as arc discharge deposition or chemical vapour phase epitaxy are used [32]. In
particular, carbon nanotubes can show one-dimensional metallic properties as well.
Nevertheless for the investigations of the metallic properties of nanowires I will limit
myself to structures composed of purely metal atoms only, focusing on anisotropic
metal islands and reconstructions involving metal adsorbates.

The choice of preparation methods presented here is naturally selective. For a
broader view I refer to some review articles [33, 34].
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2.2 Description of a Fermi liquid

The description of the conductance of metals dates back to the work of Paul Drude [35]
in 1900. The model assumes that all valence electrons of a material act as conduction
electrons and the positive ion core is screened by the core electrons leaving the valence
electrons unaffected. Hence the name free electron model. One inherent problem
of the description was that on the one hand the conduction electrons were assumed
to be free but a phenomenological scattering rate 1/τ is needed to explain the finite
resistance of metals. Also the occurrence of insulating materials is impossible to
explain in this model.

As the nature of electrons was better understood, particularly since electrons were
found to be spin-half particles and therefore follow the Fermi-Dirac distribution
function, the shortcomings of the model could be overcome by Sommerfeld [36],
Bloch [37] Wilson [38]. In particular the electron-ion interaction was treated properly
and for instance the scattering rates 1/τ could be calculated. For a complete review
of the possibilities of this model I would like to refer to common textbooks [39–
41]. One important result for my work is that the original formulation of the free
electron absorption in the Drude model is still valid. Only the electron mass me

must be replaced with an effective mass m∗ taking the periodicity of atom cores
(ion-electron interaction) into account. Also the effective scattering rate 1/τ has a
defined physical meaning though different scattering mechanisms such as impurity
scattering or phonon scattering contribute. In this work the optical response of these
electrons will often be termed free electron response, since the formulas used are
similar. This is somewhat misleading and a more appropriate term “the independent
electron” response should be used [39]. Nevertheless the infrared absorption of
metals is commonly called the Drude free electron absorption or Drude tail and I will
therefore continue to use it.

The independent electron formulation still has many problems in describing real
measurements, since electron-electron interactions are still neglected. The principle
problem is that an N-electron system cannot be treated exactly. Based on Landaus
discussion of He3 [42] one approach to solve such an N-electron system was applied
to the more complicated metallic systems. In this form it is nowadays known as Fermi
liquid theory. Its principle idea is that for electrons at the Fermi edge the one electron
wavefunctions of the independent electron picture ψi are good first approximations
for weakly interacting electrons. By an “adiabatic increase” of the interaction there is
a one-to-one correspondence of the one-electron wavefunction ψ i and the N-electron
wavefunction ψNi having the same quantum numbers. The latter can be calculated
with perturbation theories from the independent electron picture. The N-electron
wavefunction ψNi does not represent a single electron, though still has a particle like
nature and is therefore termed quasi-particle. The Fermi liquid picture is nowadays
applied when dealing with many electron systems. The simpler pictures are still
good approximations as long as one keeps in mind that one does not deal with “free”
electrons but N-electron quasi-particles.
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2.3 Instability of a 1D Fermi liquid

The Fermi liquid picture can describe the properties of bulk metals very well. For a
two dimensional system new phenomena such as the fractional quantum Hall effect
can occur. The interaction between electrons is already larger in the 2D case but the
mathematical description of a Fermi liquid still works well [4, 43].

If the Fermi liquid picture is applied to a strictly 1D system the mathematical
description breaks down. While in 3D and 2D the electron Greens function has
one pole at the quasi particle excitation energy, in 1D two solutions evolve which
invalidate the single particle assumption of the Fermi picture. No single electrons or
alternative fermionic quasiparticles can be described in a strict 1D formalism. The
whole mathematical formalism used to describe interacting electrons in 3D and 2D
hence does not work in the 1D case [43].

There are many intuitive pictures to visualise this problem. The easiest is the one
to assume two electrons at the Fermi surface with wavevector kF and −kF “collide”.
In 2D and 3D k is a vector and scattering leads to small changes in the electrons
“direction”. In 1D the only possible scattering is the full momentum transfer. Hence
interactions between single electrons are expected to be much larger than in the 2D
and 3D case.

Another more detailed argument is the one given by R. E. Peierls. For a strictly
1D metal a model of the band structure and the Fermi surface is shown in Fig. 2.1a)
Assuming the band is crossing the Fermi level at half of the Brillouin zone it can
be seen that any periodic distortion with a periodicity of 2 unit cells will lead to a
backfolding of the band at the new zone boundary. This is always accompanied with
an energy gain of electrons at the Fermi surface of ∆EP due to the opening of a gap
as depicted in Fig. 2.1b). The figure displays the situation of a band crossing at half
the Brillouin zone (kF =½π/a). The argument can be similarly formulated for any kF,
though the distortion then involves more than two unit cells. Peierls and Fröhlich
discussed this phenomena in terms of the electron-phonon interaction. The periodic
lattice distortion of 2kF leads to the energy gain and a periodic modulation of the
charge called a charge density wave (CDW) [2, 44]. This instability of the 1D metallic
band against CDWs accompanied with periodic lattice distortions (or vice versa) is
now known as Peierls instability.

For the description of electrons in 1D any many-body interaction which causes
a 2kF distortion would lead to a more stable configuration than the metallic band.
Repulsive electron-electron interaction would lead to similar problems and CDWs
(see Mott transition later in this chapter). Also a periodic modulation of the spins –
a spin density wave (SDW) – would lead to an energetically favoured configuration
and an opening of a pseudogap at kF. In addition the for the 3D case well-known
BCS-singularity (Bardeen, Cooper and Schrieffer [45]) can also occur in 1D and hence
Cooper pair formation and superconductivity [43]. Calculations are therefore ad-
ditionally complicated since the formation of a static CDW leading to an insulating
ground state and Cooper pairs leading to superconductivity are competing processes.
Usual mean field theories can only describe one of them. All these problems stimu-
lated the development of a more consistent picture for 1D fermions – the Luttinger
liquid which will be described later.
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π

∆

π

Figure 2.1: Graphical explanation of the energy gain at the Peierls transition. A
system with a parabolic metallic state with kF =½π/a can gain energy
by a distortion of periodicity 2a. The backfolding of the bands leads to
a gap opening at ½π/a with a Peierls gap (∆EP). Since no filled states
exist above the new found valence band the system gains energy as
depicted by the shaded area. The total energy gain though depends on
the density of states in the area around the Fermi vector kF.

Quasi one-dimensional metallic systems

The question arises whether this break-down of the Fermi picture in 1D is a real
phenomenon or just an artefact of the mathematical technique. Or in other words
can real physical structures be approximated by strictly 1D models at all.

In recent years the preparation of very narrow metallic chains can be controlled
with growing accuracy and as conducting wires get smaller the question arises
whether the conductance will be affected by the formation of CDWs long before
the physical size limit of single atomic rows. One of the smallest structures known
to be metallic are indium rows on top of a Si(111) surface – the Si(111)-In:(4×1)
reconstruction [3]. In Fig. 2.3 the bandstructure and Fermi surface of an ideal 1D
structure is compared with the measured band structure and Fermi surface of the
Si(111)-In:(4×1) surface. For this particular surface one finds more than one metallic
band and some of them do show a dispersion along the wire direction. The situation
is close to the one described by the strictly 1D model only for the band labelled m3.
Such systems, where the dispersion of metallic bands along the wire direction is
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π
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Figure 2.2: Comparison of the bandstructure and Fermi surface of an ideal 1D
metal (left) and the quasi-1D structure of the Si(111)-In:(4×1) surface
(right). For the real structure more than one metallic band is found
and the sheets of the 2D Fermi surface cannot be nested by a single
distortion 2kF due to the small dispersion along the chain direction. The
bandstructure calculation was taken from [46], measured filled states
and Fermi surface from [47].

measurable but small or only some of the bands do show 1D properties are called
quasi one-dimensional structures.

Are such systems unstable against distortions of 2kF e.g charge or spin density
waves as predicted by the Peierls argument? For the system introduced here the
answer is quite controversial. The surface does undergo a phase transition below
120 K which does show a characteristic doubling of the unit cell along the chain
direction and an opening of electronic gaps which can be attributed to charge density
waves. Nevertheless alternative explanations exist [46, 48]. The controversy and how
the optical measurements performed here indicate that indeed a CDW is formed will
be extensively discussed in chapter 5.

Quasi one-dimensional bulk metallic systems

The preparation of free standing or surface adsorbed nanowires is a recent devel-
opment. Quasi one-dimensional systems though have been known for a much
longer period. Various inorganic materials are known for which large conductance
anisotropies are found and metallic bands show only a small dispersion along certain
crystallographic directions. The materials where such properties are found include
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the so called blue bronze K0.3MoO3 and transition metal chalcogenides such as TaS3
or NbSe3 and are known since the early 1970s. A extensive review of these materials
as well as properties related to the formation and dynamics of the collective mode
(the CDW) can be found in the book of Gor’kov and Grüner [49].

Another prominent class of bulk anisotropic conductors are organic metals. The
first one investigated, also in the early 1970s was tetrathiafulvalene–tetracyano-p-
quinodimethane (TTF-TCQN), though many more are known today. Some of these
organic compounds even show superconductivity and many show low temperature
properties which are explained with CDW and SDW formation. Again I would like
to omit a more detailed description at this point and will instead refer to the book of
Wosnitza [50].

In most of these bulk quasi one-dimensional systems the conductivity drops at
low temperatures. The transition temperature, changes in diffraction pattern, and
transport properties can be described using the random phase approximation (RPA),
neglecting any local field effects and also using one set of interactions, electron-
phonon interaction (superconductivity, CDW, SDW) or repulsive electron-electron
interaction (Mott: CDW) [43, 49, 51, 52]. Although these approaches are criticised by
Voit [43] in favour of the Luttinger liquid description, I will use some of these results
for comparison with the measurements in the following chapters.

2.4 The Luttinger liquid

So far I have sketched the arguments that the classic Fermi liquid picture of an
electron does not work for a 1D system. In the few last years a lot of effort went into
formulating a theoretical description of one-dimensional fermionic quasiparticles.
The pioneering work in this field is the work of Tomonaga [53] and Luttinger [54, 55].
The theory is rather complex and comparison to the experiments done in this work
is not possible due to the lack of explicit calculations for the materials investigated.
Therefore only the principle ideas will be sketched here. For a comprehensive review
of various aspects of the Luttinger liquid and recent extensions to systems with more
than one metallic band or coupling between individual wires, which are necessary
in understanding real systems (see the example of Si(111)-In:(4×1) above), I would
like to refer to the review article of Voit [43].

2.4.1 General approach

In the Luttinger picture the collective density fluctuations are described in a particle
like way by defining a Hamiltonian describing two branches of Fermions crks with
momentum k, spin s and r = ±1 for the individual branches. The Fermions are not
described individually but instead the fluctuations of the density ρr,s =

∑
k c†r,k+p,scrks

(spin or charge density) are particle like. In its original form the dispersion of the
two Fermion branches is linear εr(k) = vF · (rk − kF) and only two interactions with
coupling constants g2 and g4 for forward scattering on different and the same branch
respectively are considered. In this simplified picture (linear dispersion, no backward
scattering) the model can be solved exactly [43].
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2.4.2 Some results

In its original form the Luttinger model predicts unusual properties such as spin-
charge separation. If electrons are removed (e.g. in photo emission experiments) the
spin and charge excitation by the formation of a hole will be dispersed differently
leaving a spinon (collective spin excitation) and holon (collective positive charge exci-
tation) branch in the band structures. Such effects are discussed for some experiments
[18, 56, 57] and calculations [58].

More relevant for the discussion in this work are extensions to the Luttinger pic-
ture which include backward scattering of 1D Fermions. By including additional
terms the Luttinger Hamiltonian ceases to be exactly solvable, but to describe cou-
pling to phonons or impurity scattering such terms are needed. Since the formalism is
quite complicated again, I will omit a discussion here and will only discuss one result
of such a description from [43]. In Fig. 2.3 a “phase” diagram is shown, relating the
dominating fluctuation to the coupling parameter of the electron-electron interaction
for backward scattering g1⊥ and a renormalised parameter Kρ which is a function of
g2, g4 and vF. Further details are found in [43]. What can be seen in this model is that
charge and spin density waves (CDW, SDW) as well as superconducting phases (SS,
TS) are stable solutions of 1D electron systems if treated in the more sophisticated
way. This is not possible in the Fermi liquid picture as shown above. Qualitatively
superconductivity or CDW formation can be described by the theory. Nevertheless
there are problems to determine the coupling parameters in a predictable way.

CDWs are valid solutions already for 1D-systems if electron-electron interaction
is considered. Peierls’ argument primarily considered electron-phonon interaction
and a periodic lattice distortion. If the latter is the main driving force the CDWs are
often called “driven by a Peierls instability”. For systems where electron-electron
interaction dominates, the insulating phase is usually called Mott or Mott-Hubbard
state (see below). In both cases the electron density does change periodically and

Figure 2.3: Phase diagram of a 1D electron system derived by evaluation of the
Luttinger liquid solution to an additional interaction – here electron-
electron backward scattering (taken from [43].)
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the term CDW can be applied. This already shows the problem of the theoretical
predictions since both interactions will be present in real systems. Although there
is a lot of progress in the calculational methods using the Luttinger liquid theory so
far only qualitative descriptions of metallic nanowire systems exist. Experimental
results and calculations are compared directly and quantitative only in a few cases
[58]. For the quasi one-dimensional bulk materials the situation is different, though
most calculations were done in mean field pictures and perturbation theories based
on the Fermi liquid picture despite its principle problem in a 1D formalism [43, 49]. In
the future much progress is expected in the description of metallic nanowire systems
particularly since the preparation can be better controlled and systems are known
where, for instance, the chain distance and therefore inter-chain interactions can be
varied in a controlled way [59]. Also improvements in experimental techniques,
namely the increase in resolution of angle resolved photo electron spectrometers at
third generation synchrotron light sources will stimulate detailed calculations of such
systems.

2.4.3 The Mott transition

A different mechanism which can transform a metal into a semiconducting state is
the so called Mott-Hubbard transition. Formulated by Mott in 1949 it explained why
certain bulk metals showed nonconducting liquid phases [52, 60]. It was shown by
Mott that assuming half filled metallic bands, the opening of a pseudo gap becomes
favourable if the average electron distance d is enlarged above a critical value d0.
In later years the problem was studied also by Hubbard [61, 62] which is why the
metal-insulator transitions driven by this mechanism are nowadays known as the
Mott-Hubbard transition.

The basic idea is that for a metallic system the positive charge of the core is
screened by the presence of all free electrons. If the density of the electrons and
therefore also the screening length is reduced below a critical value, it becomes
possible for an electron to form a bound state with the core atom. In the case of
the alkaline atoms as originally discussed by Mott each core atom provides only one
electron and the electron density is hence directly linked to the lattice constant d. An
increase in lattice constant above a critical value d0 which depends on the electron-
electron interaction can therefore reduce the electron density below the critical limit.

The Mott argument is independent from the dimensionality and can be formu-
lated in 3D, 2D and 1D. In the original work of Mott half filled bands were discussed,
but the principle argument holds true also for other band fillings. Instead of dis-
cussing changes in the average electron distance d one can also discuss the screening
itself, which depends on the electron-electron interaction parameter U – the repulsion
of two electrons at the same site. If U is positive the ground state will be semicon-
ducting showing first spin fluctuations, and for even larger U charge fluctuations. In
this formulation the Mott-Hubbard model is just a special case of the more general
Luttinger description [43].

The Mott-Hubbard model is commonly used to explain insulating ground states
for organic or inorganic systems which should be metallic by electron counting but
have small electron densities (see for example [63–65]). For the system discussed
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in chapter 6 – caesium wires on III-V(110) surfaces the insulating properties of the
surface are explained with the Mott-Hubbard model [4, 66, 67]. Although the con-
sequences of the Mott argument and the Peierls argument in 1D (CDWs, SDWs)
are quite similar there is a conceptual difference. The Peierls instability is a 1D
phenomenon only, originally formulated for an electron-phonon interaction, while
Mott’s argument can be applied in 3D and considers electron-electron interaction.
In strictly 1D systems both electron-electron and electron-phonon interaction lead to
the conceptual problems as pointed out by Peierls and an accurate description needs
calculations in the Luttinger picture.

2.5 Other consequences of the size reduction

The effects of size reduction for the metallic properties of nanowires are manifold.
The most drastic – a complete suppression of the conductance due to the Peierls
instability – was already discussed separately. Apart from that there are many other
effects expected.

Electron confinement

Due to the reduced size, confinement effects are expected which change the density
of states but also the energy of the bands itself. Therefore the properties will differ
greatly from the properties of the bulk metal. For instance optical interband transi-
tions are expected to be shifted. Nevertheless for the systems investigated here there
is no need to address these effects. For the adsorbate induced reconstructions the
width of the wires is already too small to compare the electronic structure with the
bulk material and there is no way to change the width of the nanowire. For larger
systems such as the anisotropic islands the spectra are dominated by the free electron
response and, for instance, interband transitions were too weak to be analysed in
terms of energetic shifts with island diameter. I will therefore omit a more detailed
discussion of confinement effects and refer to textbooks instead [40, 41, 68].

Quantisation of conductance

Due to the reduced size the number of electrons in an individual wire is much lower
than in bulk materials. Consequently it is expected that the charge quantisation
is also seen in conductance experiments. The ultimate limit of the conductance is
an one-electron conductor. In experiments where the conductance is measured in
wires, which are pulled or etched to get narrower wires, it was observed that the
conductance is reduced in steps of 2e2/h [69, 70]. This behaviour is well understood
for ballistic transport and calculations also show that, at least for cylindrical wires,
not only a quantisation of conductance occurs but also that certain “magic configu-
rations”, namely wire radii, are found to be more stable similarly for atomic nuclei
or clusters [71].

Since all the measurements were performed with wire arrays on surfaces with
either varying widths, or if the wire width is uniform, it is fixed at defined values
and is unchangeable, it is not expected that the quantisation of the conductance can
be measured here.
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3. Optical response of one-dimensional
structures

Within this chapter the experimental methods used in the study of the metallic
nanowires, namely reflectance anisotropy spectroscopy (RAS) and Raman spec-
troscopy will be introduced. Before the techniques itself are discussed some general
concepts needed for the description of optical spectra such as the dielectric function
will be discussed. The description will be limited to models needed for the analysis
of RAS and Raman spectra of these wires.

3.1 The dielectric function

The interaction of light with matter is usually discussed within Maxwell’s theory
with the light described by plane waves. The presence of a time varying electric field
E = E0ei(kr−ωt) introduces a polarisation P = ε0χ̃E within the medium. The complex
electric susceptibility tensor χ̃ reflects the properties of the material. Alternatively
these properties can also be expressed with the dielectric tensor ε̃ which connects
the electric field with the electric displacement vector D = ε0ε̃E. Both quantities χ̃
and ε̃ are therefore equivalent descriptions and can be calculated from each other:
ε̃ = 1 + χ̃.

In the case of isotropic materials or materials with cubic symmetry the off-diagonal
tensor components of ε̃ will vanish and the diagonal components ε̃xx, ε̃yy and ε̃zz will
be equal to the same scalar function ε̃, which is called the dielectric function of the
material. In general ε̃ will be energy dependent. All optical properties of a material
such as the refractive index n, the extinction coefficient κ, the penetration depth of
light lP, the reflectance R of a semi-infinite medium, or the complex reflectivity r can
be calculated from the dielectric function. Similarly the dielectric function can be
determined by measuring a set of optical properties such as the reflectivities rs and
rp for p- and s-polarised light by ellipsometry [72, 73]. Since the measurement of an
ideal semi-infinite medium is virtually impossible, because of the natural roughness
of the material and inhomogeneities in real samples the dielectric function derived
from such measurements is usually called the effective dielectric function <ε̃>. By
minimising the surface roughness and improving the crystal quality of bulk crystals
the measured effective dielectric function is a good approximation of the true bulk
property. Nowadays the dielectric functions for common materials are known and
tabulated [74, 75].

If the bulk dielectric function of individual materials is known, the effective dielec-
tric function of layered or inhomogeneous samples can be modelled by calculating
<ε̃model> of a given structural model. By comparison with the measured <ε̃>model
parameters, such as the thickness of overlayers or the roughness of a sample can be
derived [73, 76, 77].
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From a microscopic picture contributions to the dielectric function can be under-
stood in terms of the different possible absorption mechanisms for light. The imag-
inary part of the dielectric function reflects the absorption properties of a medium.
The most dominant contributions are the free carrier absorption, interband transi-
tions, lattice absorption and core-level excitations. The latter two will be neglected in
the following, since for the materials investigated they do not contribute in the mea-
sured spectral region. Lattice absorption is of importance for infrared spectroscopy
where the energy of the light is of the order of the phonon energies (<0.2 eV), while
core level excitation become important for deep UV measurements above 10 eV.

3.1.1 Contribution of interband transitions

For semiconductors the most important contribution to the dielectric function in the
visible spectral range are interband transitions. In Fig. 3.1 ε̃ is shown for silicon.
The maxima in ε̃ can be attributed to certain transitions within the electronic band
structure as shown in the right graph of Fig. 3.1. The absorption and also Im(ε̃) are
large whenever the the joint density of states (JDOS) is maximised [72]. This is the
case for parallel bands as in the case of the E1 transition of silicon or if the bands are
flat as is the case for the E2 transition. The maxima in the JDOS or Im(ε̃) are usually
called critical point energies.

For the discussion of the optical properties of nanowires there are two important
points regarding the interband transitions. (i) since no free standing nanowires are in-

Figure 3.1: The dielectric function of silicon is shown in the left part (solid line:
imaginary part, dotted line: real part). In the right image the main
transitions contributing to the bulk critical points are depicted by arrows
in the bulk band structure.
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vestigated, the reflectivity of the substrate will influence optical measurements. The
substrates of choice in this study were semiconductors, with well known ε̃. Never-
theless optical models will have to be developed to relate structures in the measured
spectra to the wires itself. (ii) regards interband transitions within the electronic
bands of the wire itself: Depending on the size of the wire they are expected to be
different from the bulk material. The dielectric function of these wires will therefore
be unknown. In order to relate structures in the optical spectra to the properties of
the wires models have to be developed involving effective media theories (see 3.3.2),
comparison to ab-initio calculations (see 3.5), or even the simplest approximation of
single harmonic oscillators.

3.1.2 Contribution of intraband transitions

Another mechanism which contributes to the dielectric function of metallic nanowires
are intraband transitions, also called the free electron response. They can be described
within the Drude model which describes the absorption of a free electron gas.

ε̃ = ε∞ − 4πNce2

m∗(ω2 + iωωτ)
(3.1)

Nc denotes the charge density, m∗ the effective mass and ωτ the scattering rate which
is related to the inverse scattering time τ. By defining the plasma frequency ω2

p =

4πNce2/(m∗ε∞) the real and imaginary part of the Drude dielectric function can be
expressed in terms of ωp and ωτ [72].

Re(ε̃) = ε∞

1 −
ω2

p

ω2 + ω2
τ

 Im(ε̃) =
ε∞ω2

pωτ

ω(ω2 + ω2
τ)

(3.2)

As was already discussed in section 2.2 the Drude model of noninteracting electrons
is a rather crude model. Nevertheless the agreement with the IR response of metals
and also doped semiconductors is astonishing if the electron mass is replaced by
the effective mass, which reflects interactions of the electrons with the screened
core potentials. In Fig. 3.2 Im(ε̃) is shown for several metals. The deviations from
the Drude dielectric function can be attributed to the already discussed interband
transitions. In the Drude model the scattering rate of the electrons itself cannot
be directly explained, since the electrons are assumed to be noninteracting. In the
Fermi liquid picture introduced earlier this is changed. The electron-electron and
electron-phonon interactions can be included in this model and the scattering rate
quantitatively described [39, 41]. The Drude function for the free carrier absorption
remains valid.

On surfaces or other two-dimensional structures the Fermi liquid picture can
still be applied, though the reduced dimensionality and the vacuum-metal interface
leads to a reduction of the plasma frequency at the surface. The effect has already
long been known for metal surfaces. It was extensively discussed by Ritchie [78] for
thin metal films, showing that the surface plasma frequency can be approximated as
ωp,s = ωp

√
2. This was confirmed by numerous experiments involving electron loss
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∼

β

Figure 3.2: Imaginary part of the dielectric function for various metals. For all met-
als the characteristic Drude tail of the free carrier absorption is observed
in the infrared. Additional structures arise from interband transitions –
most prominent for β-tin between 1 and 2 eV.

spectroscopy and adapted to other geometries such as spheres. An excellent review
of surface and interface plasmons can be found in [79]. Surface plasmons at surfaces
are found to be particularly important for resonant enhancement in second harmonic
generation (SHG) [80]. Surface plasma excitations are also discussed in linear optics
for the absorption of metallic nanoparticles [81], the RAS of metal surfaces [82]
and also extensively for scanning near-field optical microscopy (SNOM) [83]. All
these measurements dealt with either isotropic clusters or surfaces. For the case of
nanowires on surfaces the description is more complicated and no general approach
is currently available.

Conductivity tensor

One aspect of this work will be the determination of anisotropies in conductance and
not primarily the absorption of individual nanoparticles. In general the conductance
is expressed as the conductivity tensor σ̃ which connects the current density j with
the electric field. It can be related to the dielectric tensor as follows [72, 84]

ε̃ = ε∞ + iσ̃/ε0ω. (3.3)

If one now neglects all interband contributions to ε̃ and assumes ε∞ to be zero, the
discussion is then limited to the free electron contribution only and can be expressed



3.2. Reflectance anisotropy spectroscopy 19

for the isotropic case in terms of the two Drude parameters ωp and ωτ:

σ =
ε0ω2

p

ωτ − iω
(3.4)

If measured dielectric functions can be approximated by a Drude dielectric function
one can directly relate the fit parameters ωp and ωτ to the conductance. By extrapo-
lating the measurements to zero frequency the DC conductivity can be approximated
as well, though measurements usually vary systematically from such extrapolation
due to other transport mechanisms neglected by this simple model.

The description of the conductance by a Drude dielectric function is based on
the assumption of electron like fermionic quasiparticles. In section 2.3 it was shown
that this model fails in a strict 1D case. Nevertheless for larger wires, as will be
described in chapter 4, the Drude model can be successful even in the cases of
reduced dimensionality, although values for ωp and ωτ will differ from bulk values
of the material.

3.2 Reflectance anisotropy spectroscopy

So far ε̃ was assumed to be isotropic and the discussion reduced to a scalar dielectric
function. At surfaces, interfaces and also one-dimensional structures, for symmetry
reasons, the isotropic description is invalid. By probing the optical anisotropy one
can get signals which are specific to the areas of reduced symmetry. If samples
were rotated changes in the reflectivity were noted [85, 86]. Much later a technique
was developed by Aspnes and Studna and independently by Berkovits et al. which
directly measures these anisotropies – reflectance anisotropy1 spectroscopy (RAS)
[87, 88]. RAS probes the difference in the reflectance between two perpendicular
axes of a sample in normal incidence.

∆R
R
= 2

Rx − Ry

Rx + Ry
(3.5)

Hexagonal surfaces or other samples with threefold symmetry as well as randomly
oriented domains do not show RAS signals. For the investigation of nanowires
this limits the use of RAS to ordered wire systems with a defined wire direction.
The incoming light is linearly polarised with an angle of 45° degrees towards the
anisotropy axis as shown in Fig. 3.3 for the case of indium wires on Si(111). The
components necessary for determining the polarisation state of the reflected light are
shown as well. With the setup utilising two polarisers and a photo-elastic modulator,
not only the real reflectance difference ∆R/R is measured but the anisotropy of the
complex reflectivity r̃. Both the real and imaginary part can be probed, the first
by analysing the signal at 2ω0, the latter at ω0, the frequency of the polarisation
modulation of the PEM. For a detailed analysis of the measurement I refer to the
analysis of Aspnes et al. [89] as well as Salvati and Chiaradia [90].

1The technique is also known as reflectance difference spectroscopy (RDS)



20 3. O   - 

PEM
45-45

[110]

sample

viewport

analyser

[112]
_

0°

polariser

state of
polarisation

(f = 50 kHz)

45°

°°

0°

_

Figure 3.3: One possible setup for determining the reflectance anisotropy is shown
here. The light of the lamp is polarised and reflected by the sample
surface. The sample is oriented such that the main axes are rotated
45° to the light polarisation. The reflected light is usually elliptically
polarised. The combination of the photo-elastic modulator (PEM) and
analyser can probe the tilt of the ellipse with respect to the incoming
polarisation as well as the phase shift. It is therefore suited to measure
both real and imaginary part of the complex reflectivity r̃. Simpler
setups, using only one polariser or rotating polarisers instead of the
PEM can only probe the real reflectance R = |r̃|2. Details about various
configurations for RAS spectrometers can be found in [89, 90].

The fact that for simpler RAS setups only ∆R/R is measured while for those
following the design of Aspnes Re(∆r̃/r̃) and Im(∆r̃/r̃) can be measured sometimes
leads to some confusion when comparing absolute values of the RAS signal since R =
|r̃|2. For small amplitudes the two quantities differ by a factor of 2, ∆R/R � 2Re(∆r̃/r̃).
In this work all RAS spectra will be expressed in terms of the complex reflectivities,
hence Re(∆r̃/r̃) will be shown and for simplification the indication for the complex
number r̃ will be omitted and the term Re(∆r/r) is used.

3.2.1 Surface dielectric anisotropy

The normal reflectance of a semi-infinite isotropic bulk sample in vacuum is directly
related to the dielectric function:

R = |(ñ − 1)/(ñ + 1)|2 (3.6)

with the complex refractive index ñ = ε̃2. In the case of anisotropic samples the
diagonal elements of the dielectric tensor will differ and the description in terms of
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the scalar dielectric function must be dropped. Instead the tensor components ε̃xx,
ε̃yy, and ε̃zz have to be discussed. In the ideal case of normal reflectance the electric
field vectors of the light are within the x, y plane. The component ε̃zz therefore
does not influence the measurements2. For such bulk anisotropic samples where
ε̃xx � ε̃yy RAS can probe the difference in the reflectance Rx and Ry and can be
directly calculated from the tensor components ε̃xx, ε̃yy using (3.6) and (3.5).

The measurement of bulk anisotropies is but a special case of application. The
system of anisotropic surfaces or wires on top of an isotropic bulk have to be treated
differently since the isotropic bulk is influencing the measurements as well. For a
more general description one assumes an anisotropic surface layer of thickness d
between the semi-infinite isotropic bulk with a bulk dielectric function ε̃b and above,
another semi-infinite ambient layer with the dielectric function ε̃a. The anisotropy of
the surface layer is expressed again by the two different diagonal tensor components
of the dielectric function ε̃xx and ε̃yy. In this so called three layer model the RAS
spectra is described as follows [87]

∆r
r
=

4πid
λ

ε̃xx − ε̃yy

ε̃b − ε̃a
(3.7)

Since ε̃b and ε̃a are usually known this relates the RAS signal to the properties of the
surface layer. The term d · (ε̃xx − ε̃yy) is called the surface dielectric anisotropy (SDA).
With this quantity the anisotropy of a surface can be directly discussed in terms of a
dielectric function of the surface layer. For interpretation of RAS spectra this is quite
useful since the influence of the bulk reflectivity to the spectra is removed in the
SDA and therefore similar adsorbate structures on different substrates can be better
compared. On the other hand (3.7) enables simulations of RAS spectra with optical
models. By comparing such models to the measurements model parameters can be
fitted, similar to common practise for the analysis of ellipsometric measurements.

3.2.2 Applications of RAS

RAS is commonly used as an in-situ probe of semiconductor surface and interface
reconstructions. RAS has become more important, in particular for growth in gaseous
environments, such as for metal organic vapour phase epitaxy (MOVPE) where
electron based analysis does not work.

Currently it is used for the determination of surface reconstructions during
growth, monitoring of the growth rate by monolayer oscillations, and even the deter-
mination of doping levels is possible. RAS spectra of samples of multilayers as they
are used in semiconductor devices get more complex, since all layers and interfaces
within the penetration depth are probed. Nevertheless such spectra can nowadays
be modelled, though more complex models have to be applied other then the three
layer model discussed above [91].

The contribution of free electrons to the RAS spectra was, until now, not discussed
mainly due to the limited spectral range of the standard optics. In the next sections I
will therefore discuss in detail how anisotropies in the conductance can be measured
with RAS as well.

2by measuring different surface planes of the sample e.g (xy0) and (x0z) all three diagonal components
can be probed
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3.2.3 Anisotropy in optical conductance

As shown above the dielectric function is related to the optical conductance. Since
in RAS the difference of the dielectric tensor components can be measured, RAS,
in principle, is also able to measure conductance anisotropies. Using (3.7), (3.3)
and defining a conductance anisotropy ∆σ = σxx − σyy it can be easily seen that the
reflectance anisotropy is directly related to ∆σ:

∆r
r
=

2d
ε0

∆σ

ε̃b − 1
(3.8)

If ε̃b is constant, as is the case for silicon below 1 eV, the RAS signal is therefore
proportional to the conductance anisotropy. This was not discussed in analyses of
RAS spectra so far, since usual semiconductor surfaces are not metallic, and for the
RAS of bulk metals the RAS signal vanishes in the IR due to the strong rise in ε̃b.
For metallic nanowires on semiconductor surfaces however this contribution will
become important.

3.2.4 Technical implementation of an IR enhanced RAS

So far technical details of the RAS spectrometer were not discussed. Since consid-
erable work went into the design of a spectrometer capable of measuring in the
infrared, I would like to discuss the modifications necessary to achieve this. As we
will see in the next section the contribution of a free carrier anisotropy to the RAS
signal of metallic nanowires is mostly expected in the infrared region. Conventional
RAS spectrometers utilise silicon detectors and are therefore only capable of mea-
surements above 1.2 eV. It was recently demonstrated by Goletti et al. that by using
a special CaF2 PEM and an InSb liquid nitrogen cooled detector, RAS measurements
down to 0.3 eV are possible [92]. One drawback is that with such a single detector
setup and foil polarisers the overall measurement range is reduced to 0.3 - 1 eV. In
order to extend that range into the visible and UV range other concepts such as mul-
tiple detectors but also multiple monochromators have to be used as demonstrated
by Herrmann [93]. The IR-VIS setup shown in Fig. 3.4 utilises MgF2 polarisers which
operate between 0.2 to 9 eV, a CaF2 PEM which fully modulates the polarisation be-
tween 0.25 eV and 5 eV, a double grating monochromator, one for the IR and one for
the NIR to UV range and three detectors: one liquid nitrogen cooled InAs detector
for measurements between 0.45 and 0.9 eV, one InGaAs photo diode for 0.75 to 1.5 eV
and a Si photo diode for measurements above 1.3 eV. The detectors were chosen to
provide sufficient overlap in order to compare and calibrate the response of all de-
tectors more easily. With these components the effective range is 0.5 eV to 5 eV. For
some measurements it was beneficial to use a tungsten lamp instead of the usual Xe
high pressure lamps in order to improve the signal to noise ratio in the IR, although
in this case only measurements up to 3 eV were possible.

At present the monochromator gratings as well as the detectors have to be
switched manually which makes automated measurements of the full range im-
possible. The spectra have to be taken by three separate measurements, though a
readjustment of the system is limited to the adjustments of the detector positions.
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Figure 3.4: Photograph of the infrared enhanced RAS. The main parts of the RAS
are labelled and described in detail within the text.

This could not prevented, since the two gratings are not aligned perfectly. For the
larger Si detector these small changes in the focal point were not important, but
for the smaller InAs and InGaAs this caused problems. Unfortunately IR detectors
which are fast enough to detect the 114 kHz3 modulated signal of the RAS have to
be small. Additionally the sensitivity of the InAs diode is two magnitudes smaller
than for the Si diode. For this reason the noise in the IR measurements is comparably
large which limits the sensitivity of the RAS to 0.5 · 10−3 for a single measurement
and integration times of 500 msec. For the other detectors the sensitivity is better
than 1 · 10−4 even for faster data acquisition with 100 msec integration time.

The need for fast IR detectors principally limits the spectral range of the RAS
setup using polarisers and PEM. For a further extension into the IR other concepts
have to be applied. Possible approaches are the use of FTIR-ellipsometers in normal
incidence [94] or the implementation of simpler setups such as rotating polariser
systems [89]. In both cases the measurement time will increase, which will render
these systems useless for any in-situ monitoring of processes with timescales in the
order of seconds.

3The PEM is operated with 57 kHz. Re(∆r/r) is measured at 2ω



24 3. O   - 

3.3 Models for the optical anisotropy of nanowires

So far the discussed application areas of RAS involved mainly semiconductor surfaces
and interfaces. In this section I will introduce different models, which can be used to
describe the signals of the one-dimensional metallic structures. In order to simulate
RAS spectra of these structures the three layer model of (3.7) will be used. The
main point is therefore the determination of the actual values for ε̃xx and ε̃yy which
describe the problem most accurately. Apart from the different three layer models a
short introduction is given to more general ab-initio calculations which were available
for some of the investigated systems.

3.3.1 Bulk metal approximation

The most simple approximation of the optical anisotropy of nanowires is to assume
the optical response for light polarised along the wires corresponds to the bulk metal
dielectric function (ε̃xx = ε̃metal). Vacuum (ε̃yy = 1) is assumed for the response for
light polarised perpendicular to the wire. Using (3.7) the RAS spectrum can then be
calculated. In Fig. 3.5 such a calculation is shown for several metals on silicon. Due
to the simplicity of this model the agreement to real measurement is expected to be
poor, though principle structures in the RAS of metal wires on semiconductors can be

∆

Figure 3.5: Model calculations of RAS spectra of metal wires on silicon using (3.7)
and only the bulk dielectric functions of the metals (see Fig. 3.2 and
silicon. Due to the 1/λ term in (3.7) the increase in the IR is less dramatic
than for the dielectric function itself but can still be found. Using the
same thickness for all materials the strongest RAS spectra is expected
for tin and indium.
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already seen, in particular an increase of the RAS in the infrared is predicted. Using
the dielectric function of the metal and silicon only, the calculation also shows that
the 1/λ term in (3.7) is partly compensating the rise of Im(ε̃metal) seen in Fig. 3.2. If
the surface dielectric anisotropy can be approximated by a Drude dielectric function
where Im(ε̃)∼ ω−3 the RAS should still increase in the far infrared since for long
wavelengths this term will always dominate. For the near infrared region the rise
in the RAS signal can nevertheless be less pronounced if interband transitions from
the adsorbate or substrate dominate the RAS. For example in the case of indium the
slope of the Drude tail is not steep enough and the RAS decreases again for smaller
energies. The SDA and λ are not the only factors influencing the RAS spectra – the
underlying isotropic bulk contributes as well. The discussion so far is only valid if
the bulk dielectric function remains constant in the IR. For metal substrates, when
also εb ∼ ω−3 the RAS will vanish in the IR. Consequently in RAS measurements of
anisotropic metal surfaces (clean [95, 96] or vicinal [97] or patterned [98]) no RAS
signal in the IR has been measured so far, though calculations of the SDA reveal
strong anisotropies [96]. On semiconductors where εb is constant or decreasing in
the IR (at least in the region above the Drude tail due to dopants and the phonon
frequencies), the bulk metal approximation shows that RAS signals in the IR are
expected.

3.3.2 Anisotropic effective medium approximation

The second model which I want to discuss is an anisotropic effective medium ap-
proximation. The RAS spectra will be calculated again with (3.7). The effective
dielectric tensor components ε̃xx and ε̃yy will be replaced by model dielectric func-
tions from effective media approximations (EMA). With EMAs the optical response
of media consisting of two or more components can be modelled from the optical
properties of the components if the inclusion size is smaller than λ and the geometry
as well as volume fraction of the inclusions is known. EMAs date back to the work
of Maxwell Garnett where the transmission spectra of coloured glass windows were
explained by spherical inclusions of gold within the glass matrix [99, 100]. Using the
scalar dielectric function of isotropic media ε̃ a general description is nowadays used
[73, 76, 101]. It starts from the basic assumption of spherical inclusions and dipole
interactions with particles much smaller than the wavelength. The effective medium
ε̃ema for various inclusions ε̃a,b,... within a host medium ε̃h can then be written as:

ε̃ema − ε̃h

ε̃ema + 2ε̃h
= fa

ε̃a − ε̃h

ε̃a + 2ε̃h
+ fb

ε̃b − ε̃h

ε̃b + 2ε̃h
+ . . . (3.9)

The factors fa, fb, . . . denote volume fraction of the inclusion and are called structure
factors. Since all metallic wires discussed in this work consist of only one material
this is reduced to one inclusion. Equation (3.9) is then simplified to:

ε̃ema − ε̃h

ε̃ema + 2ε̃h
= fa

ε̃a − ε̃h

ε̃a + 2ε̃h
(3.10)

In this form the approximation is called Maxwell Garnett approximation.
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Figure 3.6: Model calculations of RAS spectra of tin wires on InAs using (3.7) and
different effective media dielectric functions for the two perpendicular
axes and a thickness of the anisotropic layer of 2 nm. (solid curve:
fx = 0.4, fy = 0.3; dashed curve: fx = 0.5, fy = 0.3; dotted curve:
fx = 0.6, fy = 0.5; dash-dotted curve: fx = 0.7, fy = 0.6)

For the case of the wires on top of bulk samples the host medium is vacuum or
air which further simplifies the problem:

ε̃ema − 1
ε̃ema + 2

= fa
ε̃a − 1
ε̃a + 2

(3.11)

This special case of the Maxwell Garnett approximation is also called Lorentz-Lorenz
approximation.

The Lorentz-Lorenz and Maxwell Garnett approximation work well for small vol-
ume fractions, but if there is as much medium as host ( fa ≈ 0.5) other approximation
have to be used. Following the work of Bruggeman one approach is to assume the
host medium is the effective medium ε̃ema ≈ ε̃h For one type of inclusion in vacuum
(3.9) can then be written as:

0 = fa
ε̃a − ε̃ema

ε̃a + 2ε̃ema
+ (1 − fa)

1 − ε̃ema

1 + 2ε̃ema
. (3.12)

With the known optical properties for the inclusion ε̃a – in this case the metal –
effective media dielectric functions can now be calculated using (3.12) or (3.11). In
order to simulate an RAS spectrum the calculation of one effective medium dielectric
function is not enough, since two different ε̃ are needed for the two perpendicular
directions. Again the most simple approach is to use the same EMA but different
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Figure 3.7: Model calculations of RAS spectra of tin wires on InAs using (3.7)
and a modified Bruggeman model with ellipsoid inclusions. The
anisotropy arises from the anisotropy of the ellipsoid. Again a 2 nm
thick anisotropic layer was assumed. (solid curve: f = 0.5, x = 20 nm,
y = 2 nm; dashed curve: f = 0.4, x = 20 nm, y = 2 nm; dotted curve:
f = 0.4, x = 200 nm, y = 2 nm) The grey dotted line shows one of the
curves of Fig. 3.6 for comparison ( fx = 0.7, fy = 0.6). calculation from
Fig. 3.6

volume fractions for the two directions. In Fig. 3.6 model spectra are shown for tin on
InAs using the Bruggeman EMA. The already discussed bulk metal approximation
is the borderline case of this model using fx = 1, fy = 0.

So far the effective medium was derived for isotropic spherical inclusions. For
geometrical reasons this is a bad approximation for nanowires. For better agreement
anisotropic effective media theories have to be used. One approach is to use a
modified Bruggeman model where the spherical inclusions are replaced by ellipsoids
with one long axis z and two equal short axes x, y. Both the Maxwell Garnett and
the Bruggeman approximation can be extended that way, although the resulting
equations cannot be solved analytically and a numerical solution has to be used
[102]. The procedure is also described in [103] and will not be explained here4.
Figure 3.7 shows a model calculation for the same system as in Fig. 3.6.

The EMAs described here are just a small selection of possible approaches. There
are numerous other EMAs used particular for the description of metal clusters de-

4All effective media dielectric functions were calculated using a program for modelling of linear optical
spectra (Lay TEX 2.0) [77]. RAS spectra and the simple model dielectric functions were calculated using
a standard spreadsheet (Microcal Origin 7)
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scribed in the literature [81]. For simple geometries such as the wires there are other
analytical solutions for the effective media. Aspnes for instance provided a solution
for terrace structures in order to explain the RAS spectra of rough surfaces. In this
case – similar to all other EMAs discussed – the bulk properties of the wire material
is used to determine the dielectric anisotropy of the wires. Although details differ
the main RAS structures which can be explained were always similar. For this reason
the discussion will be reduced to the models which can be calculated more easily.
As one will see in chapter 4 all these EMA models only work for rather large wires
dominated by bulk properties of the metal. For the more interesting case of small
wires other models had to be used.

Another weak point of such effective media theories is the fact that the inclusions
are assumed to be non-interacting. By analysing single particles, it was already
shown that the spectrum of two individual nanorods is influenced by their distance
[105]. Until now such particle interactions have not been included in any effective
media theories. One interesting point in comparing the measured anisotropies of
nanowire assemblies is therefore whether effective media approximations can be
used to describe the spectra at all and where the limits of these models are.

3.3.3 Free electron gas approximation

For the smallest wires investigated here the bulk metal approximation as well as
the EMA based models discussed probably do not agree well with measurements,
since chains of single atoms can hardly be approximated by bulk properties of the
corresponding metal. Full calculations of the dielectric response of such a small
systems, though possible, are very time consuming and involve a full analysis of the
surface in slab calculations within the density functional theory (DFT, see below). An
alternative, straight forward approach is to focus on the properties of the free electron
gas. If one neglects all contributions of interband transitions the model is reduced
to the intraband terms, which can be expressed as a Drude dielectric function (3.2).
To model the optical anisotropy one just uses two Drude dielectric functions with
different scattering rates ωτ,x, ωτ,y and plasma frequencies ωp,x, ωp,y. In figure 3.8 a
calculation of ε̃xx and ε̃yy as well as the difference of them is shown in units of ω0
(an arbitrary frequency). To simulate real structures one can use measured values
or values derived from ab-initio calculations as parameters for the Drude dielectric
function. Figure 3.9 gives an example of the expected RAS spectra of an anisotropy
in the plasma frequencies along and perpendicular to the wire axis. Apart from the
rise in the infrared structures can arise at the bulk critical points of the substrate (in
this case silicon). In what way this model can be used to get information about the
properties of the wire system – most importantly quantitative information about an
anisotropy in the conductance – remains to be seen. In principle if the measured
RAS spectra can be described with curves such as the one shown in Fig. 3.9 the
DC conductance anisotropy can be measured by interpolating the measurements
to zero frequency. For carbon nanotubes and conducting polymers it was already
shown with dielectric (or impedance) spectroscopy measurements in the FIR and
microwave regime, that only 50% of the DC conductance arises from free carrier
transport. Other mechanisms such as ballistic transport or e− inter-chain movement
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Figure 3.8: Different Drude dielectric functions (dashed and dotted curves) and
their differences (solid curve). In a) ωτ was kept constant while ωp was
changed. b) shows the difference in the case where ωτ was changed. In
this case the SDA (and RAS) can change its sign. If only anisotropies in
ωp are considered the RAS is either all positive or all negative.
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Figure 3.9: Model calculation of a RAS spectra assuming an anisotropic metal layer
on top of silicon. In this case only theωp was assumed to be anisotropic.
If only free electrons contribute to the DC conductance the conductance
anisotropy can be extrapolated from the RAS spectra for ω→ 0.
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lead to an additional frequency independent conductance [106].
It remains to be seen whether RAS measurements in the NIR and visible energy

range will lead to comparable results, which is one aspect of this work. Measurements
using different wire systems will be presented in chapter 4. The systems were chosen
to cover a wide range of wire sizes in order to determine limits of this Drude type
model. However, it was already shown in section 2.3 that the free electron picture
cannot, in principle, be applied to an ideal one-dimensional system. In particular for
the smallest investigated system, the indium wires on silicon, this is of importance
and will be separately discussed in chapter 5.

3.4 Raman spectroscopy and nanowire phonon modes

Apart from information about the electronic transitions and related anisotropies,
there are optical techniques which can also probe vibrational properties of a nanowire.
Two such techniques are commonly used: Fourier transform infrared spectroscopy
(FTIR) and Raman spectroscopy. The latter was used in this study and will therefore
be introduced here.

Light can be scattered either elastically or inelastically when it passes through mat-
ter. One inelastic scattering process is called Raman scattering after C. V. Raman who
first experimentally confirmed and identified this process in organic liquids [107].
The effect itself was also independently seen in quartz by Landsberg and Mandestam
[108]. For more detailed description of the process and technical implementation I
would like to refer the reader to several reviews and books [73, 109–111]. Here only a
brief review of some relevant aspects is given. The Raman process itself is a transfer
of energy to or from the incident light wave of frequency ωi leading to a scattered
light wave ωs. The energy is transferred by elementary excitations such as phonons
or coupled plasmon-phonon modes. By analysing the frequency of the scattered
light the energies of the elementary excitation Ω j can be determined since energy
and momentum conservation applies.

�ωs = �ωi ± �Ω j; ks = ki ± q j (3.13)

If ωs is lower than ωi due to the generation of, for example a phonon, the process is
called Stokes process and in the opposite case, Anti-Stokes.

In this work only scattering processes involving phonon modes are of interest.
With Raman spectroscopy it is possible to determine phonon frequencies of individ-
ual atomic arrangements. In simple models such as a linear chain it can be shown
that the phonon frequency not only depends on the mass of the vibrating atoms
but also on the coupling constant k such that ωs ∼

√
k/m. Since k is determined by

the bonding configuration of the atoms, changes in the measured frequencies, for
instance at a phase transition, can give insight into the nature of such a transition.

Not only the frequency of the phonon modes but also the intensity of the scattered
light can be analysed. The intensity of the scattered light wave Is can be given by

Is = Ii
ω4

s V
(4πεε0)2c4 |esχ̃(ωi, ωs)ei|2 (3.14)
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Here V is the scattering volume, ei and es the unit vector of the polarisation for
incident and scattered light. χ̃(ωi, ωs) is the generalised dielectric susceptibility. The
latter is usually expressed by a Taylor expansion of its tensor components in terms of
lattice distortions Qj by the phonon [73]. The first term in this expansion is the static
susceptibility and equivalent with the already discussed dielectric function:

χ0
αβ = εαβ − 1 (3.15)

For single phonon scattering without deformation gradients and static electric fields
only the second term in the expansion

∑
j Qj(∂χαβ/∂Qj) is relevant. If only this term

is considered the tensor is usually called the first order Raman tensor R and the
intensity of the scattered light is then given as:

Is = Ii
ω4

s V
(4πεε0)2c4

∣∣∣esRei

∣∣∣2 (3.16)

3.4.1 Selection rules

Raman tensors depend on the symmetry of the crystal lattice under consideration
and are known for all symmetries [110]. For certain polarisation configurations ei

and es the term esRei in (3.16) can become zero. In this case the mode is called Raman
forbidden. The measured intensity of certain modes is therefore dependent on the
scattering configuration. To denote a certain configuration the Porto notation will be
used here ki(ei, es)ks giving the polarisation vector and wave vector of incident and
scattered light. From the disappearance of certain modes upon polarisation changes
the symmetry of the phonon mode can be derived.

3.4.2 Resonant Raman scattering

Apart from these polarisation dependent changes in the intensity of the scattered
light, the energy of the incident light itself also has an influence. In general due to
the ω4

s dependence, the scattered intensity increases with incident photon energy.
Additionally the dielectric function and therefore also the susceptibility itself is a
function of ωi. In a microscopic quantum mechanical picture using time dependent
third order perturbation theory the susceptibility can be expressed as

χαβ(ωi, ωs) =
e2

m2
0 ·ω2

s V

∑
e,e′

〈0 |pα |e′〉〈e′ |HE−L |e〉〈e |pβ |0〉
(Ee′ − �ωs)(Ee − �ωi)

. (3.17)

The scattering process is described by a virtual electronic transition from the ground
state |0〉 to an excited state |e〉 followed by the scattering into a second excited state
|e′〉 via an electron-phonon interaction (HE−L). Finally the scattered light is reemitted
by the transition from |e′〉 to the ground state |0〉. From (3.17) it can be easily
seen that χαβ and therefore also Is is particularly large if the incident or scattered
light energy matches the energies of real states and if the excitation or annihilation
probability (〈e |pβ |0〉 or 〈0 |pα |e′〉) is large [73]. For this reason the Raman efficiency
can be increased by several orders of magnitudes if the incident light energy is close
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to critical point energies. The resonance of bulk phonon modes is well investigated
and known for many semiconductors [112–115].

Resonances can be also understood within the classical description of Raman
scattering. Details can be found, for instance, in [73]. One interesting result of
these considerations is that the Raman cross section S is proportional to the squared
absolute value of the first derivative of ε̃ with respect to the frequency |∂ε̃/∂ω|2.
For bulk semiconductors this gives reasonable agreement [112–115] and inversely by
measuring the resonance one can gain information about ε̃ with Raman spectroscopy
in addition to the vibrational properties.

3.4.3 Surface phonons

So far only Raman scattering involving bulk phonon modes was discussed. Due to
the symmetry break at the surface macroscopic surface phonon modes are expected.
This phenomena was already described by Lord Rayleigh [116]. Such macroscopic
surface modes decay exponentially into the bulk. Similar to the bulk case coupled
modes such as surface polaritons can also exist. In this work no such modes were
found so I will not describe such macroscopic modes here. Instead the reader is
referred to other work [117–119].

The atomic geometry of a surface or, more relevant for this work, adsorbates
on a surface varies significantly from the bulk material. For this reason different
vibrational modes exist at the surface. In contrast to the macroscopic modes the
displacement pattern of such modes only includes atoms in the very first atomic
layers. Such surface phonons are therefore called microscopic modes. Microscopic
phonon modes were already predicted by Wallis [120]. The detection of such surface
phonons only became possible in the last decade. With Raman spectroscopy clean
surface phonon modes were found for InP(110) surfaces [121] and for adsorbate
terminated surfaces such as Sb/InP(110) [122], Sb/InAs(110) [123] or H/Si(111) [124].
There are two main problems in the detection of microscopic surface phonons. First
the scattering volume is small compared to the bulk case. Since the lateral size of the
scattering volume is determined by the focal area of the incident light and therefore
the same for bulk and surface only the depth d has to be considered. For bulk phonons
d can be approximated by the penetration depth lP of the incident light. Using silicon
as an example and an incident photon energy of 2.41 eV, lP is about 600 nm. The
scattering volume for microscopic surface modes instead is limited to the first atomic
layers and therefore of the order of 1 nm. This leads to signals several orders of
magnitude lower than bulk mode signals. By using light with higher energy the
absolute scattering rate can be increased (ω4

i dependence) and since lP is decreased
the ratio can be improved, but bulk phonons will always be much stronger than the
microscopic surface modes. Figure 3.10 shows the spectrum of an indium terminated
Si(111) surface in (4×1) reconstruction taken with an incident laser energy of 2.41 eV.
It is obvious that bulk phonons dominate the spectra. Due to a resonant enhancement
of the surface phonons the intensity ratio of bulk to surface phonon is around 100 –
smaller than the 600 as expected from the penetration depth discussion above.
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Figure 3.10: Raman spectra of a Si(111)-In:(4×1) surface using incident laser light
of 2.41 eV (514 nm) and es || ei || [110]. The bulk silicon Γ′25 mode is
dominating the Raman spectra. At low energies additional surface
modes can be seen (logarithmic plot in the inset).

3.4.4 Resonant Raman scattering on surface phonons

Similar to resonant Raman scattering in bulk samples, surface modes can also be
resonant. Following (3.17) these resonances occur at energies where transitions
within the surface band structure are likely. By analysing the resonance behaviour of
surface modes not only vibrational properties of the surface (or nanowire) but also
– indirectly – information about surface critical point energies can be gained. This
again can give complementary information to the RAS spectra, where anisotropies
in surface critical points are measured.

If scattering intensities are to be compared one has to carefully consider all in-
fluences to the measured Raman intensity. If fully evaluated, the scattered intensity
depends on the incident laser power Pi and frequency ωi, reflectivity r(ωi) of the
sample, collection aperture ∆Ω, temperature T, absorption coefficient α(ωi) and a
volume independent quantity termed “Raman susceptibility” S which is related to
the differential scattering cross section [113]. In addition to these principal depen-
dencies technical aspects such as transmittance of the monochromator, sensitivity of
the detector and precision of the focus influence the measured signal. If one wants
to analyse the electronic properties of the sample only the Raman susceptibility is of
interest. Since absolute measurements of all other values are normally not possible
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or the resulting error of the measurement is too large, only relative measurements
can be done. In the case of the surface phonons the best approach is to normalise the
measured spectra by dividing the measured intensity Isurf by the measured intensity
of the bulk phonon mode Ib. Isurf/Ib is now independent of all technical parameters
since the same configuration is used. If the small energetic difference between ωs,s

and ωs,b is neglected Isurf/Ib only depends on the Raman susceptibility of the bulk
phonon Sb, Raman susceptibility the surface phonon Ssurf and the scattering volume
for surface and bulk phonon, since they are not the same. The scattering volume for
the surface phonon is independent of ωi since only the first atomic layers contribute
while for the bulk phonons Vb is proportional to the penetration depth of the incident
light lP(ωi). The penetration depth in the bulk material as well as Sb are usually well
known. By analysing

Isur f

Ib
· Sb · lP(ωi) ∼ Ssurf (3.18)

a quantity can be calculated which is proportional to the desired Raman susceptibility
of the surface modes Ssurf. The change of this quantity with ωi can now be directly
related to the resonance of the surface phonon mode to transitions within the surface
electronic band structure.

3.4.5 Determination of phonon line widths and phonon energies

The measured Raman shift was so far discussed as the phonon energy and the
measured intensity was related to the Raman cross section which is in a simple model
proportional to |∂ε̃/∂ω|2. Corrections to get reliable information of the intensities
were also discussed already. For simple spectra with only one or two separate peaks
the interpretation of Raman spectra is straight forward. The line shape of a phonon
mode in Raman spectroscopy is Lorentzian in the ideal harmonic case. Due to the
limited resolution of the measurement the measured peak is additionally broadened.
The resulting line shape is therefore a convolution of Gaussian and Lorentzian but
can be approximated by a Voigt profile5.

If the spectra are more complicated, showing many phonon modes within a
small spectral region, the peak position and intensity of individual modes can only
be derived by a fitting procedure. As for any best fit procedure the number of
parameters should be kept as small as possible. The Gaussian broadening is therefore
kept constant for all peaks since it is caused by the setup itself.

The broadening of the setup itself can be determined either by a line shape analysis
of very narrow emission lines, such as the laser line itself or by a fit of the strong bulk
modes for each incident photon energy since the resolution of the setup is energy
dependent. One test of the fit routine is the determination of the Lorentzian width
of the bulk phonon. The result should be independent of the laser energy. Fixing the
Gaussian width in this way, this leaves only the peak position, Lorentzian broadening
and amplitude as free parameters for the other modes of interest. Particularly at low
frequencies the background arising from elastic scattering has to be treated as well.

5 y(x) = y0 + A 2 ln 2
π3/2

wL
wG

∫ ∞
−∞

e−t2(√
ln 2

wL
wG

)2
+
(√

4 ln 2 x−xc
wG
−t
)2 dt
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Figure 3.11: Example fit of the Si(111)-In:(4×1) Raman spectra by 8 Voigt profiles and
an exponential background. The residue (difference of measurement
and fit) shows no remaining structure. The arrows indicate the peak
positions.

In Fig. 3.11 an example of such a fit is given for the Raman spectra of Si(111)-In:(4×1)
taken with an incident laser energy of 1.93 eV and A′ symmetry. It can be seen that if
only phonon modes contribute to the spectrum such a peak analysis can reproduce
the measured spectrum very well.

3.4.6 Second order Raman scattering

If the Taylor expansion of the susceptibility is extended beyond the first order, several
other details seen in Raman spectra can be understood. This involves first order
forbidden processes, where phonon modes which are disallowed by the selection
rules can be seen due to the presence of electric fields at the surface or for instance
two phonon processes. The latter need to be discussed in more detail, since two
phonon scattering at acoustical phonons occurs in the same energy region where
surface phonon modes are expected. In first order scattering acoustical phonon
modes cannot be seen, since the maximum momentum transfer of light in the visible
energy range is small compared to the inverse lattice constant 1/a0. Therefore only
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phonons around the Γ-point of the Brillouin zone can be measured. The energy
of acoustical phonons approaches zero at Γ and cannot be measured with Raman
spectroscopy. For a scattering process with for instance two acoustical phonons with
momentum around k and −k the sum of the momentum is again close to zero and
can therefore be provided by an incident photon. This two phonon scattering leads
to broad structures in the Raman spectra with line shapes following the density of
states of the acoustical or optical phonons [125]. For example in silicon two phonon
scattering with acoustical phonons leads to a structure between 200 and 450 cm-1 as
shown in the measurement in Fig. 3.10.

If surface phonons exist in the same energy region energy transfer between bulk
acoustical phonon modes and the surface mode are possible. Although such a
mode can be localised at the surface it will resonantly introduce vibrations within
the bulk. Such modes are therefore called surface resonances. Since an adsorbate
can also increase the scattering intensity of bulk phonons by introducing roughness
or an electric field, it is not easy to attribute structures in the region of the two
phonon bulk scattering to microscopic surface modes. This can only be safely done
in regions where bulk phonons do not exist. For some III-V semiconductors such
as InP for instance, surface modes were found above twice the highest acoustical
phonon energy and below the lowest optical mode – within the so called phonon gap.
For silicon there is no such phonon gap. Consequently adsorbate induced phonons
can only be assigned to microscopic modes in regions with vanishing second order
scattering, here below 200 cm-1.

3.4.7 Size effects

The last point I want to address here is the so called size effect. If the volume of
a scatterer is decreased, for instance in reducing the average crystal size of micro-
crystalline samples or more relevant here, in reducing the width of wires, changes in
the measured phonon frequencies are expected. In the microscopic model of Raman
scattering the effect can be easily understood. If the phonon is localised within a
crystallite of the dimension L the localisation of the wave function in space leads
to a broadening of the wavefunction in momentum. The modified wave function
of the phonon can be treated as a superposition of wave functions with different
wave vectors q. Therefore a contribution of areas of the Brillouin zone with |q| � 0
(Γ-point) exist. Depending on the phonon dispersion around the Γ-point several
possibilities exist. For a minimum at the Γ-point a blue shift of the phonon frequency
accompanied with a broadening is expected – for a maximum a broadening and red
shift. Details of this model are described by Andrzejak [126]. It was shown that
in the case of Si with an average crystallite dimension of 100 Å Raman frequency
shifts by about 1-2 cm-1 can be observed (the actual shift depends also on the shape
of the crystallites). In the case of nanowires such size effects were already found in
semiconducting nanowires or nanoparticles of ZnO, GaN, graphite or Si [127–130].
Of course other effects such as smearing of the q vectors due to disordering, can have
a similar effect [131].
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3.4.8 Raman spectroscopy on metallic nanowires

To summarise this section I would like to list the properties of metallic nanowires
which can be, in principle, measured with Raman spectroscopy. For larger wires these
are mostly shifts in the bulk phonon frequency of the metal due to size effects. For the
smallest wires new modes, which are related to the individual atomic geometry of the
metal atoms, can occur. Changes in the phonon frequencies of such modes will lead to
information about changes within the atomic arrangement upon the wire formation
or at possible metal-insulator transitions. The analysis of Raman resonances in this
case will additionally provide information about the electronic structure of the wire.
As we will see in chapter 5 the latter two aspects are important in the understanding
of structures where electron phonon coupling is strong.

3.5 First principle calculations

All calculations predicting properties of one-dimensional structures discussed in this
chapter as well as in chapter 2 used simple models, in order to enable analytical
solutions. On the other hand the models based on effective media approximation
discussed in this chapter used measured bulk properties. For a comparison with
measured samples both approaches are valuable in discussing possible effects on op-
tical spectra. For a qualitative comparison only the latter approach gives reasonable
agreement, but only for larger wire structures. It is therefore highly desirable to have
parameter free calculations of smaller wire structures, preferably located at surfaces.

To some extent this can be done by ab-initio calculations based on density func-
tional theory (DFT). For bulk materials or small molecules this technique has long
been used to calculate not only the atomic structure but also band structures, vi-
brational properties and optical transitions. With today’s computers more complex
structures such as surfaces can be studied. Although wires with widths of the order
of nm cannot be treated yet. The method works well for structures which can be
approximated by a periodic continuation of a smaller unit cell. Since comparison to
such calculations is a major point of the discussion of indium wires on silicon in chap-
ter 5 and caesium wires on GaAs in chapter 6, a short summary of the possibilities of
DFT calculations will be given here.

Structure

DFT dates back to the work of Hohenberg, Kohn and Sham [132, 133] and aims
to determine the ground state of a many-body system in an effective independent
particle picture. Starting with a many electron Hamiltonian one treats the kinetic
energy, the Coulomb interaction of electrons and nuclei as external potential but
replaces the interaction of individual electrons by the interaction of a single electron
with the field generated by the total electron density of all other electrons in the
system n(r). Finally one includes an effective exchange and correlation potential
VXC(r) treating the many body interactions. Although in this formulation the solution
would be exact, it does not help for the calculation of real systems since VXC(r)
itself is not known. In practise the exchange and correlation potential needs to



38 3. O   - 

be approximated. Such an approximation is the local density approximation (LDA),
where VXC is assumed to be a function of the electron density n(r) itself. Alternatively
the generalised gradient approximation (GGA) is used, where VXC depends on n(r)
and its gradient ∇n(r).

For structural calculations the model of a certain material is formulated using a
set of electron wavefunctions ψ(r). The core region is usually replaced by a pseu-
dopotential simulating the positive nuclei screened by core electrons not considered
in the calculation. Bulk materials can be calculated by using periodic continuations
of a unit cell leading to periodic Bloch wavefunctions. Surfaces can be calculated
by using the same procedure but replacing the unit cell by so called slabs which
include the surface unit cell but also several layers of bulk layers below and vacuum
layers above. These slabs are then again periodically continued. The total energy
of a many electron system defined this way can then be calculated. In an iterative
scheme the atom positions are modified until the total energy is minimised. If the
found minimised total energy of different structural models is compared, the one
with the lowest total energy is the most energetically favoured model. More details
of this procedure can be found for instance in [134] and for each calculated system
discussed here in later chapters. The atomic positions determined by this procedure
can be compared directly to measurements.

Band structure

If the structural model is found, the band structure is calculated and compared to
measurements, usually angle resolved photo emission (ARPES) and inverse photo
emission. A common problem of all DFT-LDA or DFT-GGA based calculations is
that the electronic gaps are underestimated. This is an artefact since DFT is a ground
state theory, while in ARPES excited states (one electron removed) are measured. In a
simple approach the calculated gaps are opened with the so called scissors operator,
moving all empty states rigidly to higher energies to match the experiments.

A more accurate way as to how calculations can be corrected is the so called GW
scheme. The name arises since the self energy of the excited state is determined using
a Greens function method and the screened Coulomb potential W [135]. The GW term
is just the first term in an expansion of the self energy with respect to the screened
Coulomb potential. Hedin [135] already treated higher terms. The GW correction is
rather time consuming but necessary to correctly describe gap positions. In rare cases
uncorrected DFT-LDA calculations can even calculate a metallic ground state even
though none is found in measurements. Examples are low bandgap semiconductors
such as InAs, InSb and GaSb DFT-LDA calculates metallic ground states in clear
contrast to measurements. By applying GW corrections this discrepancy is usually
overcome [136, 137]. In a few cases such as the C(111)-(2×1) surface even the GW
correction does not work and more sophisticated iterative GW schemes have to be
used [138]. This problem is most troublesome in the discussion of the Si(111)-(4×1)
surface and its low temperature (8×2) phase described in chapter 5. In this particular
system the low temperature phase is experimentally found to be insulating, but
DFT-GGA calculations based on the experimentally found structural model give a
metallic ground state. It is unclear whether this is just an artefact of the gap problem
or whether a charge density wave driven by a Peierls transition is responsible for
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the insulating state. In the latter case DFT cannot describe the surface since electron-
phonon interaction, which leads to the gap opening is not treated in the calculation.

Optical spectra

Optical spectra are calculated by evaluating the dielectric tensor components by
summation of all possible optical transitions in the calculated bands [139]. Again
the gap problem leads to an underestimation of the transition energies. Hence
calculated optical spectra such as the dielectric function itself or RAS spectra are
red shifted compared to measurements. By using the scissors operator this can be
partly corrected. Preferably GW corrections should be done since only then relative
energetic positions of structures can be properly reproduced. Although the GW
corrections improve the agreement considerably, relative intensities of structures are
usually not exactly reproduced.

A problem is that so called excitonic effects are not considered, which are critical
for optical excitations since the electron is not removed as in ARPES but remains at
an excited state within the material. Hence the electron-hole interaction needs to be
treated.

In recent calculation further many-body corrections are applied by using higher
terms in the expansion of the self energy given by Hedin [135]. Details of this
procedure and also other recent developments to treat the many-body interactions
in ab-initio calculated optical spectra can be found in [140, 141]

Phonons

Once the minimum energy structure is calculated within DFT-LDA, vibrational prop-
erties – the phonon modes can also be calculated. The common method for this is the
frozen phonon approach [142, 143]. The structure is treated as a system of coupled
harmonic oscillators with the atomic mass for each atom and force constants derived
by the following procedure. The individual atoms in the calculated structure are
displaced, the forces can be calculated driving it into the minimum position. In order
to evaluate phonon modes each atom in the structure is displaced in each Cartesian
direction and the corresponding force constant is calculated. With this the dynamical
matrix is created and by diagonalisation and solving of the eigenvalue problem. The
resulting eigenvalues correspond to the frequency of a phonon and the Eigenvectors
give the displacement pattern of a phonon.

This scheme was successfully applied to bulk phonons [143, 144] and also for
microscopic surface phonons of clean III-V(110), Sb/GaAs(110) or Si(111) surfaces
[145–147].
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4. Anisotropic optical conductance

In this chapter RAS measurements of systems showing an anisotropic conductance
will be discussed in more detail. Measurements of the anisotropic conductance of
several structured metal systems exist already. The scale ranges from very small sys-
tems like the four atom wide indium chains on silicon [148, 149] to large anisotropic
silver islands on vicinal silicon [150]. There is also a wide range of organic one-
dimensional conductors [50], the bulk anisotropy of high temperature superconduc-
tors, where also optical measurements have been performed [151, 152]. Another
system, where 1D conductance was observed, are carbon nanotubes [32, 153]. For
the latter two cases optical measurements of the anisotropy are rarely done, since the
orientation of the crystallites or tubes is difficult.

In chapter 2 nanowires, grown on semiconductor surfaces by self organisation
were introduced. Such highly anisotropic assemblies of bulk metals such as indium,
tin or lead will be discussed in this chapter. The bulk dielectric function of these
metals is dominated by the response of free electrons and explained in terms of
Drude dielectric functions (see section 3.1.2). In what way the measured optical
anisotropy of the nanowires also arises from such free carriers is the main subject of
this chapter.

All structures investigated, were prepared by deposition of the metal on to clean
surfaces in ultra high vacuum (UHV). Nevertheless the size and morphology of the
resulting structures can be quite different. In the case of the indium wires on Si(111)
(Fig. 4.1c) the structure consists of a double chain of indium atoms, separated by a
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Figure 4.1: Examples for the different wire geometries discussed: a) Tin islands on
InAs(110) (AFM image of a 20 ML thick tin layer). b) Lead wires on
Si(335). (STM image of 3 ML lead, taken from [31]). c) Indium wires on
Si(111) ((4×1) reconstructed surface at ≈ 0.75 ML, taken from [47]).
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silicon zig-zag chain. The length of this structure is only limited by the quality of the
silicon substrate and can be larger than several µm– the width of an individual chain
is only about 0.8 nm.

More isolated wires occur for lead adsorption on the Si(335) surface. The wires
are as high as wide and can be several µm long. In Fig. 4.1b an example for 3 ML
coverage is shown. The width and height in this case is about 10 nm.

Dense arrays of nanowires occur for tin adsorption on InAs(110) (Fig. 4.1a). At
higher coverages large anisotropic islands occur. But in particular, the smaller cov-
erages are interesting in terms of the discussion of metallic nanowires, since then the
islands are only about 25 nm wide but up to 400 nm long.

The three different systems are only a small selection of known metallic nanowires,
though they represent all principle structures such as dense wire arrangements,
isolated wires and anisotropic islands.

4.1 Tin on InAs(110)

Tin adsorption on III-V(110) surfaces has been previously studied, though with differ-
ent points of interest. Tin occurs in two phases: the metallic phase (white tin or β-tin)
and the semiconducting phase (grey tin, α-tin), which is only stable at temperatures
below 13°C. The latter has a bandgap of almost zero and previous studies focused
on stabilisation of this phase by choice of substrates, namely InSb. In these studies it
was already noted that on InAs(110) the metallic phase occurs and elongated islands
were observed [154, 155].

In Fig. 4.2 the morphology of two different samples is shown, one of 20 ML
nominal thickness and one of 100 ML. It can be clearly seen that for the higher
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Figure 4.2: AFM images of two different Sn coverages on InAs(110). a) shows
a sample with 20 ML while b) shows one width 100 ML. For smaller
coverages the tin islands are highly anisotropic with a long axis of up to
400 nm and a short one of only 25 nm. At higher coverages the islands
are larger but less anisotropic (400 nm long, 100 nm wide).



4.1. Tin on InAs(110) 43

coverage the Sn islands are less anisotropic. The ratio between longer and shorter
baseline was up to 20 for a 20 ML thick sample but only up to 2.5 for a 100 ML thick
sample.

Thicker tin layers

Studies at high coverages (>20 ML) with Raman spectroscopy showed that those
islands consist of the tetragonal β-tin, hence the metallic phase. For 20 ML thick
samples the β-Sn bulk phonon was found 4 cm-1 above the reported bulk value of
42.4 cm-1. At 100 ML it was still found 2 cm-1 above that value. The larger shift for the
low coverages can be explained by size effects (see 3.4.7). The deviation from bulk
values for larger coverages is most likely caused by strain within the islands. The
orientation of the island could not been derived from measurements performed so far
[155]. The size anisotropy of the large islands (see Fig. 4.2) suggests that the islands
are oriented with different crystal axes along x and y. RAS spectra in this coverage
region should therefore be dominated by the anisotropic bulk response of β-tin. In
Fig. 4.3 RAS spectra of samples with 40 ML to 60 ML coverage are shown. It can be
seen that the measured optical anisotropy can be explained by the bulk anisotropy
only. In particular structures around the bulk interband transitions around 1 eV and
3 eV dominate the spectra in the infrared, while the free electron like response (see
page 46 for details) gets smaller with increasing coverage.

Unfortunately the only available bulk dielectric function for β-tin was derived
from randomly oriented crystallites of the material giving only an average of the
dielectric tensor components of the anisotropic bulk material [156]. Since measure-
ments of the dielectric tensor components were not available a simple model was
applied to derive an approximation of the bulk anisotropy: ε̃xx was assumed to follow
the published mean dielectric function of MacRae and Arakawa [156]. For ε̃yy the
same function was shifted by 20 meV towards higher energies and additionally Gaus-
sian broadened by 100 meV. The inset in Fig. 4.3 shows the expected bulk response
(dotted line) and the response of a 5 nm thick β-tin layer on InAs. The measured spec-
tra of the 60 ML thick layer can, in principle, be explained by a linear combination of
both. In particular, the minimum structure around 1 eV is nicely reproduced by the
anisotropic overlayer model. The width of the structures in the model RAS spectra
is too broad, caused by the inherent broadening of the available data for ε̃xx (mixture
of all components) and ε̃yy (mixture of all components + artificial broadening).

The third curve (dashed) shows the results of the bulk metal approximation, where
the anisotropic layer is treated with the bulk dielectric function in x and vacuum in
y. The RAS line shape of the thickest layer can be even better reproduced by this
model, though the thickness used in this simulation is unreasonably small (here
0.25 nm vs. 8 nm real mean island height at 60 ML). Therefore further calculations
were performed using better suited anisotropic effective media approximations as
described in 3.3.2. Although the thickness derived from these calculations is closer
to the AFM value and also the best agreement in line shape was achieved by the
Bruggeman model with ellipsoid inclusions, no new insight can be gained by these
models. That the structures around 1 and 3 eV arise from bulk like properties of the
tin islands can already be seen in the bulk metal approximation and in this case the
thickness of the layer was already known. Most problematic is the bulk dielectric
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Figure 4.3: RAS spectra of 40, 50 and 60 ML Sn on InAs(110). The anisotropy arises
mainly from the bulk optical anisotropy of β-Sn (arrows). The inset
shows calculations of the RAS with different models ( solid: anisotropic
Sn on InAs; dotted: Sn bulk anisotropy; dashed: bulk metal approxi-
mation). In all cases agreement can be found for thick samples, where
the anisotropy in the free electron properties is small.
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Figure 4.4: Comparison of the RAS spectra of a 60 ML thick tin layer on InAs(110)
with several models using anisotropic effective media approximations.
For the two Bruggeman models the curve was lowered by 15 RAS units
for better comparison with the measurement.
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function which had to be used in all these models, since ε̃was already broadened by
the measurement of arbitrarily oriented crystals. If the full dielectric tensor could be
used the agreement should be much better. A similar analysis with the real dielectric
function will therefore also show sharper anisotropies. The energy region above
3.5 eV can also not be explained with the three layer calculation since the island size
is already of the order of the UV wavelength and additional strong anisotropies arise
from Mie-resonances. They become much more important for even thicker layers. In
a similar case of In islands on GaAs where Mie-resonance occur as well this strong
anisotropy was already successfully simulated [157].

Initial growth

At low coverages (<5 ML) the tin layer consists not of the metallic phase, but at least
partly of the semiconducting grey tin. One therefore expects only a quenching of the
RAS spectra of the clean InAs(110) surface and a small anisotropy due to a possible
interface anisotropy or strain in the substrate or in the pseudomorphic α-tin layer.
Figure 4.5 shows the RAS spectra in that coverage region. The origin of the RAS
of the clean spectra will be discussed in more detail for caesium wires on the same
surface in chapter 6. For the moment it is enough to say that the structures of the
clean surface are quenched upon tin adsorption. Although there is a considerable
anisotropy in the region of 1.2 eV for 1 and 2 ML, an increase in the infrared was not
found for such low coverages – consistent with an overlayer of the semiconducting
α-tin. Above 4 ML this behaviour changes and an infrared anisotropy occurs.

∆

δ

Figure 4.5: RAS of initial tin growth on InAs (0-4 ML). The anisotropy of the clean
InAs(110) surface (black arrows) is reduced, though structures remain at
the bulk critical points of InAs (thin lines). In the infrared an anisotropy
arises for the growing tin film (dotted arrow).
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Infrared anisotropy and the free electron model

As already seen in Fig. 4.2 the most interesting region for a possible conductance
anisotropy of the Sn films on InAs is the region between 5 ML and 30 ML, where
strongly anisotropic islands (up to 400 nm long, 25 nm wide) occur. Figure 4.6 shows
RAS spectra in this coverage region. The most dominant structure is the anisotropy in
the infrared. It evolves for coverages above 5 ML and is strongest at around 25 ML.
Initially the rise of the RAS into the infrared is structureless and well described
by an anisotropy in the mean free path and plasma frequency of the quasi-free
electrons. Above 15 ML an additional contribution arises from the bulk anisotropy
of β-Sn as already discussed for thicker layers. The calculated spectra in the inset
of Fig. 4.6 agree not only the IR regime but in the region of the InAs bulk critical
points as well. In Fig. 4.7 this will become even more clear. By calculating the surface
dielectric anisotropy (SDA) the influence of the substrate can be removed from the
RAS spectrum. The SDA for the coverages above 7 ML clearly shows the line shape
expected for the Drude RAS-model. Figure 4.7 directly compares the SDA with
line shapes calculated with two Drude dielectric function for x and y. A problem
for such fits is the large number of free parameters for each individual spectrum,
since the thickness of the layer d, the plasma frequencies ωp,x and ωp,y, the scattering
frequenciesωτ,x and ωτ,y and ε∞ need to be determined. With 6 free parameters there
are too many to give reliable values for all of them since the system is mathematically
over-defined. To reduce the number of fit parameters ε∞ was set to 1 for all fits and
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Figure 4.6: In the coverage region above 5 ML the reflectance anisotropy of tin
islands on InAs(110) is dominated by a strong infrared structure. The
strongest anisotropy was found for a coverage of 25 ML. The inset shows
the comparison to the Drude RAS-model. In contrast to the spectra of
thicker layers the agreement with the measured data is very good.
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Figure 4.7: The surface dielectric anisotropy (SDA) is calculated for various cover-
ages (dotted curves). In the case of 20 and 14 ML the SDA was divided
by the thickness of the layer and the spectra were stacked for better
visibility. The solid lines show best fit calculated SDAs if they arise
only from an anisotropy in the free electron properties. The values from
these fits are given in Table 4.1. The Drude RAS model works well for
layers well above the critical thickness of 5 ML.

ωp,x was set to the known bulk plasma frequency of 13 eV [156]. The thickness d can
be derived from the islands’ mean height, since the morphology for certain coverages
was measured ex-situ with AFM. This leaves only three free parameters – few enough
to derive mathematically sound fits. In the range from 7 to 40 ML, reasonably good
and for 14 ML and 20 ML, very good agreement can be achieved. In Table 4.1 the
derived parameters are given. One has to stress the point that in particular the
absolute values for ωp cannot be taken too seriously since ωp,x was always kept
constant. Nevertheless it can be seen that the anisotropy mostly originates in the
anisotropy of the scattering frequencyωτ and not in differences ofωp. The ratio of 0.6
forωτ,x/ωτ,y shows that the mean free path of electrons differs by almost a factor of two
between the two perpendicular axes. Furthermore the scattering frequency decreases
for increasing layer thickness or island size, while the plasma frequency decreases.
It remains to be seen if the same can be shown for the DC conductance of such films,
which have not yet been performed. What can be done though, is the interpolation
of the measured RAS spectra to zero frequencies as well as the calculation of the zero
frequency response from the fitted Drude parameters. For NIR measurements of the
dielectric function it is already known that an extrapolation of optical conductance
measurements towards ω = 0 can give comparable results to real DC measurements
[106]. The fact that the interpolation of the measured RAS to ω = 0 leads to different
DC values can be also understood. It was already shown with EMA of metallic
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4 ML 7 ML 14 ML 20 ML 40 ML

fixed d 0.55 nm 0.95 nm 1.9 nm 2.7 nm 5.4 nm
fixed ε∞ 1 1 1 1 1
fixed ωp,x 13 eV 13 eV 13 eV 13 eV 13 eV

ωp,y 13.5±0.3 eV 13.4±0.2 eV 13.3±0.2 eV 12.5±0.1 eV 12.1±0.1 eV
ωτ,x 1.7±0.2 eV 2.25±0.2 eV 1.3±0.1 eV 0.9±0.1 eV 0.6±0.05 eV
ωτ,y 2.5±0.3 eV 3.0±0.3 eV 2.1±0.1 eV 1.5±0.05 eV 0.76±0.05 eV

ωp,x/ωp,y 0.96 0.97 0.98 1.04 1.08
ωτ,x/ωτ,y 0.67 0.75 0.60 0.63 0.78
∆r/r |DC,calc 0.015 0.02 0.1 0.19 0.06
∆r/r |DC,meas 0 0 0.05 0.13 0.08
Re(∆σ |DC) 0.2±0.1 S 0.5±0.1 S 5±1 S 13±3 S 8±2 S

Table 4.1: Free electron parameters derived by fitting the SDA for various cover-
ages of Sn on InAs(110). Parameters which were kept fixed are marked.
For 40 ML the region from 1 to 1.5 eV was excluded from the fit be-
cause of the strong influence of interband transition in this regime. The
last values given are the RAS signal linearly interpolated to ω = 0
(∆r/r |DC,meas) and the calculated value for ω = 0 from the given Drude
parameters (∆r/r |DC,calc). With (3.8) the expected DC conductance dif-
ference between the two axes was calculated for the Drude model only.

inclusions in an insulating environment that below a certain percolation threshold
where the first completely connected path through the metal inclusion occurs, the
reflectivity can decrease again although the higher frequency range follows a Drude
like function [158]. A similar reason can be responsible for the apparent decrease
of RAS for ω → 0 at coverages below 15 ML. Since DC conductance measurements
were not available, these interpolations remain somewhat speculative. If they can be
confirmed, RAS can be used as a contactless probe of the conductance of nanowire
assemblies. To be more accurate RAS can probe the difference in conductance of two
perpendicular directions – absolute values cannot be gained.

So far it was shown that for the dense layer of anisotropic islands the RAS spectra
can be used to determine anisotropies in the free electron like response as proposed in
section 3.3.3. In the next section the same model will be tested for isolated anisotropic
metal islands.

4.2 Lead on Si(335)

Another system with anisotropic islands, but where the term nanowires can be much
better applied are lead wires on Si(335) surfaces. According to a study by Stròżak et al.
Pb forms highly anisotropic islands with ratios of length to width of more than 60.
Although this system was not yet measured by RAS, surface difference spectra (SDR)
are available, where absolute changes in the reflectivity upon Pb adsorption were
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measured for two perpendicular polarisations [31]. From these data one can calculate
RAS spectra, assuming the surface before adsorption of Pb is isotropic: RSi,x = RSi,y.
For silicon this should, at least, be the case in the IR energy region of interest. With
the known SDR values for the two polarisations along and perpendicular to the wires
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In Fig. 4.8 the results of this calculation are shown for different Pb coverages on
Si(335). Since data are only available for a few energies, range and resolution are
both very poor compared to direct RAS measurements. However the general line
shape of the spectra can already be seen. Again the spectra are dominated by a strong

∆

Figure 4.8: RAS spectra of Pb on Si(335) calculated from SDR values of Stròżak et al.
with (4.4). The inset shows the original SDR data for light polarisation
along and perpendicular to the long wire axis. The increase of reflec-
tivity is larger for light polarised along the wire axis. The dashed curve
shows a calculation using the bulk metal approximation.
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infrared anisotropy comparable to the signals of tin islands on InAs. The RAS spectra
show a rather large negative signal in the energy range above 0.7 eV, which means
that the reflectivity perpendicular to the long axis of the lead wires is higher that the
one along the wire. Such behaviour is expected for an anisotropy in the scattering
frequencies (see Fig. 3.8) and was already seen for the tin islands on InAs (see Fig. 4.6
and 4.7). Still, the amplitude of almost -100 RAS units is surprisingly large. The
other puzzling fact is that the RAS amplitudes seem to saturate above 8 ML, which
means that the increase in length, height or amount of islands does not affect the
effective optical anisotropy of the sample. Unfortunately data for coverages above
12 ML were not available. It would be interesting to see whether at higher coverages
the IR anisotropy will decrease again similar to the behaviour of the Sn/InAs(110)
system.

In Fig. 4.9 the surface dielectric anisotropy of 6 ML Pb on Si(335) is calculated
from the RAS spectra of Fig. 4.8 and compared with a fit in the Drude RAS model.
Again the general line shape can be reproduced. Since only a small number of points
were available and the energy range of the data is limited a meaningful best fit of all

Figure 4.9: Calculation of the surface dielectric anisotropy for the spectra of 6 ML
Pb on Si(335). The dotted grey curve show a calculation using the model
of the anisotropic free electron gas. In the inset the measurements are
compared with two simulations using the bulk metal approximation
(dotted curve) and Bruggeman EMA with ellipsoids (dashed curve, f =
0.3, x = 100 nm, y = 10 nm, d = 5 nm). For comparison the anisotropic
Drude fit is also shown (ωp,x = 12 eV, ωp,y = 20 eV, ωτ,x = 0.4 eV, ωτ,y =
4 eV, d = 2.5 nm, ε∞ = 1)
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free parameters (ωp,x, ωp,y, ωτ,x, ωτ,y, d and ε∞) is not possible. As one could already
see for the system Sn/InAs(110) the RAS spectra in the visible range is influenced by
anisotropic interband transitions and deviations from the “Drude-like” line shape
occur. If the energy range of the fits is limited and the number of points rather
small, the influence of these interband transitions is too large for reliable fits. The
simple bulk metal approximation shows, apart from the free electron contribution,
an anisotropy arising from Pb interband transitions above 2 eV. Another problem
can be the assumption inherent in the RAS calculation that there is no reflectance
difference of the clean Si(335) surface. The data point at 2 eV is already much closer
to the first bulk critical point of silicon (3.4 eV) where an anisotropy can be observed,
for instance in the case of the Si(110) surface. The Si(111) surface however is isotropic.
Since Si(335) samples were not available for this study the origin the positive RAS
value for 2 eV remains unresolved.

An additional problem can arise from inherent anisotropies of the optical view
ports. For instance the strong RAS signal at 2 eV (about 40 RAS units) is almost
constant for all coverages and too large for a real anisotropies of the Si(335) surface.
It is therefore probable that this signal arises from an anisotropy of the optical view
port. For the RAS measurements this influence is minimised by the use of special
strain reduced view ports. For the SDR studies no information concerning the effects
of window strain was given in [31].

Although no explicit fitting of the parameters for the free electron gas could be
performed, the analysis of the literature data of the optical anisotropy of isolated
Pb wires on Si(335) again shows that the general line shape can be described by
an anisotropy of the free electron gas. Any models based on anisotropic effective
media approximations using the bulk properties of Pb cannot explain the negative
RAS signal between 0.75 eV and ∼ 1.8 eV (see inset in Fig. 4.9). The model of the
anisotropic electron gas can do this, assuming a strong anisotropy in the scattering
frequency ωτ. Again the absolute values of the free electron parameters cannot be
extracted from RAS measurements alone. In the case of the lead wires it can be only
mentioned that the crossing from positive to large negative RAS values can only be
explained if the ratioωp,x/ωp,y is larger than 1.5 and the ratioωτ,x/ωτ,y is larger than 5.
Furthermore fits for ωp,x < 9 eV cannot reproduce the line shape. This signifies that
the DC anisotropy of this system should also be larger than the one of the tin islands
on InAs(110), where the differences in ωp as well as ωτ are much smaller. A similar
calculation for ω = 0 with the parameters of the function shown in Fig. 4.9 results
in a DC ∆r/r value of 0.6 which is three times larger than the anisotropy found in
the Sn/InAs(110) system. The large value of ωp in comparison with bulk values for
lead of around 6 eV can be explained by confinement effects in the small structures
[105, 159]. Due to the previously mentioned problems in the fitting process itself and
since the preparation of the structures was not possible in our lab, a more detailed
study of this point could not be done.

The last interesting point in comparison with the system of tin islands on InAs(110)
is that even at small lead coverages of about 2 ML, the Drude like signal occurs – an
encouraging result for investigating even smaller structures.
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4.3 Indium on Si(111)

So far it was shown that the optical anisotropy of isolated or a dense package of
elongated metallic islands can be explained by an anisotropic Drude like free electron
response. In this section measurements of the optical anisotropy of a much smaller
system of metallic wires will be shown. At a coverage of less than 1 ML of indium
on Si(111), an anisotropic surface reconstruction occurs: the Si(111):In-(4×1) surface
which will be extensively discussed in the next chapter. For the moment a short
introduction is sufficient. The indium rows of this surface as seen in Fig. 4.1 consist
of two indium zig-zag chains (bright regions) separated by a Si π-bonded zig-Ag
chain. It was shown by Abukawa et al. that this surface is metallic with a strongly
one-dimensional character. A more detailed study by Yeom et al. showed that there
are three metallic surface states. One of them does not show any dispersion in the
chain direction (see Fig. 5.6). This surface was therefore assumed to be an ideal test
case for an one-dimensional conductor.

In contrast to the optical anisotropy of the metallic islands, the RAS spectra of the
Si(111):In-(4×1) in the infrared spectral region is not dominated by the free electron
like response. The most dominant structures arise from interband transitions between
surface states around 2 eV. In Fig. 4.10 a typical spectrum of the (4×1) reconstructed
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Figure 4.10: RAS spectra of the Si(111):In-(4×1) reconstructed surface. The origin
of the main structures is noted. A more detailed discussion of this
surface follows in the next chapter. The grey dotted line shows the
RAS expected from a free electron like response (parameters see text).
The black box shows the expected DC anisotropy using the measured
conductance values [148] and (3.8). It is obvious that in the case of the
indium wires the RAS spectra is dominated by other contributions.
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surface is shown. The origin of most structures is labelled. In comparison a modelled
RAS spectra of an anisotropic Drude free electron gas on silicon is shown, using
similar model dielectric functions as for the other two materials above.

In the case of the Si(111):In-(4×1) surface measurements of the DC conduc-
tance anisotropy exist [148]. Using the values given there for σ||=7.2×10−4 S and
σ⊥=1.2×10−5 S, and a thickness of the conducting layer of 2Å, the expected RAS
signal if extrapolated to zero frequency using (3.8) is only 2.6×10−3, although the
conductance is 60 times higher parallel to the wire. Fig. 4.10 also shows a simulation
of the free electron response using values for ωp,x = 4.5 eV, ωp,y = 3 eV, ωτ,x = 1 eV,
ωτ,y = 1.5 eV and d = 2Å.ωτ,x was taken from [148], where the average scattering time
parallel to the wires was calculated using the measured conductivity and an analysis
of the Fermi surface measured by ARPES. The ratio of ωp,x/ωp,y was set to be fixed as
well, motivated by the measured anisotropy in the effective masses m∗x/m∗y = 0.7 [160]
and recent calculations of ωp within DFT-LDA theory (ωp,x = 7.3 eV, ωp,y = 3.3 eV)
[161]. The first estimation would result in an ωp,x/ωp,y ratio of 1.2 the latter of 2.2.
For the calculation here the ratio was set to be 1.5, a value between the two different
literature results. The anisotropy in the scattering rate ωτ,x/ωτ,y was assumed to be
similar. This leaves only two free parameters for a fit d and ωp,x. The values for the
plasma frequencies found by this fit (ωp,x = 4.5 eV, ωp,y = 3 eV) are in the same order
as the recent calculations of this quantity within the DFT-LDA theory (ωp,x = 7.3 eV,
ωp,y = 3.3 eV) [161].

It is obvious that the free electron contribution to the RAS spectra at least in the
accessible spectral region is very small. Hence this model cannot describe the full
optical response of wires this small. Nevertheless, as one can see in the next chapter,
the optical anisotropy below 1 eV can at least be partly understood in terms of such
a free electron like response.

4.4 Validity of the free electron model

In this section one has seen so far that the RAS of different metallic nanowires does
show structures in the infrared region. The RAS response can be easily explained by
anisotropic properties of the free electron response only in the case of “thicker” wires
such as the tin or lead anisotropic islands. One problem is the determination of the
parameters of the two Drude dielectric functions needed to quantitatively explain
the RAS spectra. If the contribution of interband transitions to the RAS spectra is
small, as in the case of the tin islands on InAs(110) at coverages between 10 and
30 ML, only three parameters can be obtained by fits of the RAS spectra or SDA. The
remaining parameters had to be approximated by known bulk values and additional
ex-situ measurements such as the thickness of the layer. The fits for the system of
lead wires – though more problematic due to the small number of measured points
– confirm, that if ωτ gets strongly anisotropic a transition from positive RAS values
at 0.5 eV to negative in the NIR range occurs.

With some technical improvements the current RAS setup can be modified to
measure the reflectivity of the samples and the surface differential reflectance. If this
can be achieved, the problems mentioned in the determination of the Drude parame-
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ters can be reduced since absolute mean values forωp andωτ can be derived from the
reflectance data. This leaves only the ratio of ωp,x/ωp,y and ωτ,x/ωτ,y to be fitted with
the RAS spectra. Such a more accurate determination might lead to more insights
about confinement mechanisms if e.g. the parameters can be derived for wires with
varying length to width ratio. In cases where the RAS spectra are dominated by
interband transitions (In/Si(111)) meaningful fits of the Drude parameters cannot be
done.

Apart from that, one main issue remains unaddressed so far – in what way the
measured optical anisotropic conductance can be used to determine the electrical DC
or AC conductance for such nanowires. Studies where both optical and electrical
conductance is measured for such systems remain to be done. In the case of the
indium wires electrical measurements exist [148, 149], but the performed optical
measurements give no clear indication of an anisotropic response of the free electrons
as stated above. In the case of the tin islands as well as the lead islands no electrical
measurements exist. However for bulk materials it has long been known that the
optical conductivity can be related to the DC conductivity. Also for thin films it was
already shown that the measured optical conductivity can be extrapolated to zero
frequency and compare well with measured DC values [84]. For this extrapolation
mid-IR-transmittance spectra were used, hence much closer to the zero frequency
than possible with a conventional RAS setup. For higher energies it was also shown
that the DC conductivity can show a similar behaviour to the optical conductivity
derived from SDR measurements at 0.4 or 0.5 eV [162], which is accessible with the
RAS setup as well. It is therefore reasonable that the measured anisotropy in optical
conductance will also occur for DC measurements and therefore RAS can be used to
monitor such anisotropies in-situ and without contact.



5. The Peierls transition of Si(111)-In

As we have seen in the general discussion of 1D conductors in Section 2.3 an ideal 1D
conductor has an inherent instability: the so called Peierls instability. In the following
chapter I want to show how the formation of a charge density wave (CDW) driven by
this instability is affecting optical spectra of such a system. The test system of choice
is the indium terminated Si(111) surface. Under specific preparation conditions the
surface shows a quasi one-dimensional metallic structure – the (4×1) reconstructed
surface. As we will see this metallic surface undergoes a phase transition with typical
characteristics of the formation of a charge density wave. Although the nature of
this transition is still under discussion [46, 47, 163–166]. I will show in this chapter
that all the optical measurements performed support the CDW model. As we have
seen in the previous chapter the free electron response in the RAS is small for this
particular system. Nevertheless I will show that changes in the strong interband
transitions upon the phase transition can also help to understand the nature of the
phase transition. In the following I will first introduce the Si(111)-In:(4×1) surface
in detail followed by a discussion about the phase transition at low temperatures.
Reflectance anisotropy spectroscopy (RAS) and Raman spectra of both phases will be
discussed with respect to the conflicting models for the nature of the phase transition.
Critical for understanding the nature of both phases are experiments where the
surfaces are deliberately perturbed by adsorbates. This will be discussed in detail in
a separate section. To summarise this chapter a model of the surface and its phase
transition will be presented which is in accordance to all measurements performed
so far.

300 K 65 K

Figure 5.1: STM images and low temperature STM images of the (4×1) recon-
structed indium terminated Si(111) surface. Below 120 K a change of
symmetry is obvious. Yeom et al. interpreted this phase transition as a
development of a charge density wave (CDW). (Image taken from [47])
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5.1 Si(111)-In:(4×1) introduction to the surface

The indium induced reconstructions of the Si(111) surface were already investigated
by Lander and Morrison in 1964 [167]. With electron diffraction techniques, several
ordered surfaces were observed ranging from a (

√
3 × √3) – (

√
31 × √31) – (4×1) –

(1×1)R30° with increasing indium coverage. Although the (4×1) structure was quite
often investigated in later years, no successful microscopic model of the surface could
be developed [167–175]. The (4×1) surface itself occurs at a coverage of around 1 ML
of In. The symmetry of the (4×1) surface is lower than the three fold symmetry
of the Si(111) surface. Therefore three domains of the (4×1) reconstruction usually
occur, rotated by 120°. This made investigations of the anisotropy of this lower
symmetry surface impossible. The first measurements which showed the anisotropy
in real space were STM measurements by Nogami et al. [171, 172]. These STM studies
newly stimulated discussions about the microscopic structure [173–175]. In Fig. 5.2
two such models are shown. Although Stevens et al. [174] did not derive the present
established model by their combined STM and ICISS (impact-collision ion-scattering
spectrometry) measurements, they were the first to be able to prepare a single domain
(4×1) surface by using vicinal Si(111) surfaces.

Further interest in the (4×1) surface was stimulated by Abukawa et al. in 1995 [3].
Again by using vicinal Si(111) surfaces, single domain surfaces were investigated
and it was shown by angle resolved photo-electron spectroscopy (ARPES) that the
surface is quasi one-dimensional metallic. Three metallic surface states exist on the
surface and at least one of them is almost dispersionless along the chain direction.
This confirmed earlier studies where indications of metallic behaviour were found
by high resolution electron energy loss spectroscopy (HREELS) [177].

Figure 5.2: Calculated atomic positions for two different models of the (4×1) surface.
The open circles depict Si atoms, the full circles In. On the left side the
original model of Saranin et al. [175]. On the right side the now accepted
model with double zig-zag chains of indium. (Images taken from [176])
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The (4×1) surface is a model system of a one-dimensional metallic structure
and can be prepared in a single domain by using vicinal Si(111) surfaces. It is
therefore an ideal test system for 1D conductors. Experimentally it was shown
in recent years that the surface undergoes a phase transition (see Fig. 5.1) at low
temperatures accompanied with changes in the conductance [149]. Furthermore
the geometric structure of this surface was analysed experimentally with grazing
incidence x-ray diffraction (GIXRD) [48, 178]. With theoretical work, utilising ab initio
calculations within density functional theory (DFT), different microscopic models of
the surface were compared to the measurements. The structural models by Baba et al.
[179], Stevens et al. [174] and later Saranin et al. [175] could not be confirmed. The
model derived from the GIXRD studies [178] was found to be the most energetically
favourable (4×1) model [46, 176]. Since the double chain model can reproduce the
measured bandstructure and STM images [46] and also RAS spectra [176], it is by now
the accepted model. In Fig. 5.2 the calculated atomic positions of the (4×1) structure
are shown. The (4×1) surface therefore consists of an In double chain, spaced by a Si
π-bonded chain – with 4 indium and 2 silicon atoms in the top layer unit cell. Before
the phase transition at low temperatures will be discussed, I will describe the results
of optical studies on the room temperature (4×1) phase.

5.1.1 Reflectance anisotropy

RAS spectra of the Si(111)-In:(4×1) surface were measured by Pedreschi et al. already
in 1998 [180]. Fig. 5.3 shows a comparison of the spectra derived in this work and the
one of Pedreschi et al.. Since no calculation of the RAS spectra was done until 2003 the
spectrum had to be discussed phenomenologically. The dominant structure is a large
minimum at 2 eV caused by a higher reflectance for light polarised perpendicular to
the In chains than for light polarised along the chains. It was therefore proposed that
the transitions involved in this structure are located more at the In-Si back bond than
in the In-In bonds of the chains itself. The work of Pedreschi et al. was performed on
samples with a 4° degree offcut towards the [112] direction. In order to investigate in
what way steps and possibly indium on step edges contribute to the RAS spectra I
will compare studies performed on similar samples and those done on samples with
only 1° offcut towards the [112] direction. The RAS spectra of the clean (7×7) surface
differed for both kinds of samples. The (7×7) is structurally isotropic and the RAS
only arises from regions with broken symmetry – the step edges. The larger offcut
angle leads to a higher number of steps or smaller terraces. Consequently any step
induced structure will be more pronounced in the 4° offcut samples. The spectra of
the clean surface in Fig. 5.3 was measured with the 4° offcut samples. Samples with
only 1° offcut did not show any anisotropy. In contrast to steps on the Si(001) surface
[181] the step induced RAS signal on the Si(111) surface is very small. Since almost
no signal arises from the Si(111) surface the preparation of this surface could not be
directly monitored with the RAS. But for the preparation of single domain Si(111)-
In:(4×1) surfaces the quality of the original clean surface is of utmost importance. I
will therefore continue with a more detailed description of this process.
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Figure 5.3: Comparison of RAS spectra of the Si(111)-In:(4×1) surface measured
by Pedreschi et al. [180] and this work on silicon samples with different
offcut angles and directions. There is only an amplitude difference, since
the literature data had to be divided by 2. Apart from that the agreement
is very good. The most dominant structure of the RAS spectra is the
minimum at 2 eV. Smaller structures are seen around the Si bulk critical
points of silicon. A spectrum of the clean Si(111)-(7×7) surface is given
for comparison.

5.1.2 Preparation of the single domain Si(111)-In:(4×1) surface

As it was already discussed the adsorption of indium onto the Si(111)-(7×7) re-
constructed surface leads to different reconstructions. The first one occurring is the
(
√

3×√3) at a coverage of about 0.3 ML. Above half monolayer coverage a (
√

31×√31)
surface appears. Both surfaces have a hexagonal symmetry and can therefore not be
measured with RAS. The (4×1) surface, which starts to form above 0.75 ML coverage,
though anisotropic, normally also cannot be measured with RAS, since three equiva-
lent domains are formed. They are rotated by 120° from each other and therefore the
RAS signal from such 3-domain surfaces completely cancels out. By using vicinal
silicon surfaces this problem can be overcome. The regular step pattern reduces the
symmetry of the Si(111) surface and a single domain surface with In chains paral-
lel to the step edges can be preferably formed. In the first STM studies on vicinal
substrates no preferred orientation of the chains was found [171, 172]. The single
domain surface can be stabilised only on samples with small step roughness. For
achieving smooth steps the Si(111) sample has to be carefully heat treated. Using
Si(111) with an offcut towards the [112], it was demonstrated by Viernow et al. [21]
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that repeated flash heating the Si(111) samples to 1100°C for 10 seconds, followed by
a slow temperature decrease to 960°C and than a rapid cooling leads to the forma-
tion of well defined terraces. On Si(111) with an offcut towards [112] and the same
procedure, the step array was found to be even more regularly [20]. For this study
the procedure was slightly modified, since no controlled ramping of the heating was
possible. Instead samples were heated at 1100°C for 10 sec, at 1000°C for another 10
sec and than rapidly cooled. Although by this procedure one will not achieve such a
good order as shown by Viernow et al., the surface is good enough to assure a single
domain surface. There are two critical points in the preparation. (i) the annealing
temperature has to be above 950°, because otherwise step bunching is energetically
more favourable. (ii) in order to avoid sample contamination, the pressure during
the whole procedure does not exceed 2-5 10−9 mbar. Otherwise no preparation of
single domain surfaces was possible afterwards.

The actual indium deposition and formation of the single domain Si(111)-In:(4×1)
surface was controlled with the RAS setup. In Fig. 5.4 two examples of RAS-transients
taken at 2 eV are shown. Without an in-situ probe the preparation of a one-domain
is rather critical, since the preferential growth of a single domain surface depends
on sample temperature and indium flux. The sample temperature can be varied
between 400 and 450°C but the range for deposition time or indium flux needed
to achieve a single domain surface is rather small. Following the procedure used
in [3], first more indium is deposited than needed for the (4×1) and the sample is

∆

Figure 5.4: RAS transients during the deposition of In on Si(111) surfaces. Two
transients are shown – one from a Si(111) sample with 4° offcut towards
the direction (dashed) and another with only 1° offcut towards the [112]
direction (solid line). The indium flux and consequently the deposition
time for 1 ML varied.
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annealed afterwards until enough In is desorbed. During the whole procedure the
RAS at 2 eV is monitored. Since all other reconstructions like the (

√
3 × √3) or the

three domain (4×1) are optically isotropic, the RAS amplitude is directly proportional
to the surface area in the (4×1) reconstruction. The actual indium flux and heating
current was therefore individually optimised for each sample. The indium shutter
was closed after the RAS amplitude was decreasing again and the annealing was
stopped when the desorption of the excess indium saturated. Furthermore it was
found that a gradual decrease in annealing temperature after the indium deposition
leads to a better surface quality. The other significant difference between the two
preparations shown in Fig. 5.4 is the positive signal around 0.5 ML coverage for the
sample with 4° offcut. This behaviour was not observed in the other set of samples
with only 1° offcut. So far the origin of this behaviour is not clear. Possibly the
anisotropy originates from indium at step edges, since it is not seen on the 1° sample
where the average number of steps is about 4 times smaller.

5.2 The phase transition

The preparation of the single domain (4×1) reconstructed surface was the first step
in the investigations of the surface. The surface undergoes a phase transition at
120 K into a (8×2) surface, first reported by Yeom et al. in 1999. Originally the low
temperature phase was reported to have a (4×2) symmetry derived from RHEED
images and STM. Later this was corrected by LEED studies, where defined 8× spots
could be seen. The ×2 spots were always reported to be streaky and never clearly
defined. In Fig. 5.5 typical LEED measurements of samples prepared in this work
for the two phases are shown. Not all 8× spots can be seen and in the other direction

(8x"2") (4x1)

8x

8x

x"2"

Figure 5.5: LEED images of the single domain Si(111)-In:(4×1) surface above and
below the phase transition. The low temperature phase is called (8×2)
although the “×2” spots are streaky and not all “8×” spots can be seen
at this electron energy (90eV).
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almost no defined ×2 pattern occurs – only streaks. This is consistent with all other
measurements based on electron diffraction. Usually this surface should therefore
be referred to as “(8×2)”, (8×“2”) or even (8×1). Nevertheless for clarity the low
temperature phase will be labelled (8×2) through this work.

In the low temperature STM images by Yeom et al. in Fig. 5.1 the ×2 symmetry
is well observed in real space. With angle resolved photo-electron spectroscopy
(ARPES) it was reported that the spectral weight at the Fermi edge is drastically
reduced upon the phase transition [47]. This was interpreted as a metal – insulator
transition as is expected if a CDW is formed. In the model proposed by Yeom et al.
the formation of the CDW is driven by the Peierls instability. This concept was
already discussed in detail in section 2.3. In a strictly one-dimensional metallic
system energy can be gained by the formation of a periodic modulation of charge
with real space periodicity c/b · a0 if the metallic band is crossing the Fermi level
at b/c · 2π/a0 of the first Brillouin zone. In Fig. 5.6 the Fermi surface of the Si(111)-
In:(4×1) surface is shown as determined by Yeom et al. [47]. The surface is only
quasi-one-dimensional, since only one of the surface states is dispersionless in the
chain direction. Nevertheless this band (labelled m3) is crossing the Fermi level at
½ of the surface Brillouin zone (Γ̄ → X̄). Hence for this metallic band the situation
can be described by the simple 1D-model and the band should therefore be unstable
against a periodic modulation. The observed periodicity upon the phase transition
is consistent with a CDW of real space periodicity of 2 · a0 as expected by the Peierls
model. It is by now also confirmed that the phase transition leads to a gap opening [47,
164, 182] Therefore, Yeom et al. concluded that a CDW driven by a Peierls instability
of the m3 state occurs for this surface [47].

This model was questioned by work from Kumpf et al. with grazing incidence
x-ray diffraction (GIXRD) [48]. Upon cooling of the surface a change of the atomic
positions of the outer chain indium atoms was observed – doubling the surface unit
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Figure 5.6: Fermi surface of the Si(111)-In:(4×1) surface measured by ARPES and
the model Fermi surface derived from these data. The metallic state
m3 has almost no dispersion and crosses the Fermi level about halfway
between Γ and X. (Image taken from [4]) On the right side is the surface
bandstructure as calculated by Cho et al.. The three measured metallic
surface bands are nicely reproduced (Image taken from [46]).
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cell in the direction perpendicular to the wires leading to a 8× symmetry. This change
however was perpendicular to the chain direction, hence challenging the assumption
that only the electron density is changed and the symmetry is ×2. With GIXRD it was
also noted that the shift of atomic positions is along the chain direction. The results
were interpreted as trimer formation and a resulting surface in (8×2) symmetry due
to a change of reconstruction.

Based on these findings DFT-GGA calculations were performed by Cho et al.
to find surfaces of minimal total energy testing models in (4×1), (4×2) and (8×2)
symmetry [46] (see also Fig. 5.7). It was found that the (8×2) is the minimum energy
structure reproducing the atomic position of Kumpf et al., though without changes in
the nature of the bonding within the chains. From that Cho and coauthors suggested
that the phase transition is not caused by a CDW formation but by a disorder–order
transition similar to other dimerised surfaces [183, 184]. The (4×1) room temperature
surface would be a thermal mixture of (8×2) or (4×2) unit cells. In contrast to the
measurements the calculated surface structures were found to be metallic even in
the case of the (8×2) surface. Recent calculations also found semiconducting (8×2)
models with small modifications in the underlying (8×2) model [166, 185]

From an experimental point though the disorder–order model was doubted since
the originally calculated bandstructures for the (8×2) and (4×2) surfaces did not
reproduce measured data as well as similar calculations for the (4×1) model [163]. In
any case later electron diffraction experiments always confirmed an (8×2) symmetry
of the low temperature surface in agreement with the GIXRD data and calculation.
Other calculations also confirmed the (8×2) as the most energetically favourable

Figure 5.7: Calculated atomic positions for the (4×1), (4×2) and (8×2) surface. The
change in the position for the (4×2) and (8×2) surface is shown in com-
parison to the (4×1) surface by the arrows. (taken from Wang et al. [176])
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[176, 186] and also provided qualitative agreement with the optical properties of this
surface above 1 eV as will be shown later in this chapter. All these findings supported
the (8×2) as the minimum energy surface.

Apart from the RAS study of Pedreschi et al. [180] no further optical measure-
ments were performed for the room temperature phase and none for the low tem-
perature phase prior to this work. As it was described in chapter 3 anisotropies
in the electronic transitions as well as anisotropies in the conductance of surfaces
can be probed with RAS. With another optical technique – Raman spectroscopy –
vibrational modes of the atomic arrangement can be probed. For the Si(111)-In:(4×1)
and (8×2) surface it was therefore expected that new insights in the nature of the
phase transition can be gained by comparing the spectra of both phases. Particularly
the vibrational properties of the surface should change if the atomic positions are
changed. In the next part I will first present the RAS measurements and discuss the
changes observed in terms of the conflicting models.

5.3 RAS of the (4×1) and (8×2) surface

The room temperature spectrum of the indium terminated surface was already in-
troduced in Fig. 5.3 on page 58. The most prominent features are the large minimum
around 2 eV (S1) and two smaller structures around the bulk critical points of silicon
(E1,E2). The latter two are most likely caused by strain introduced in the near surface
bulk region. Since they were independent of the reconstruction (4×1) or (8×2) I will
not discuss them here. For all measurements presented here the RAS was optimised
for infrared measurements by using a tungsten lamp. For this reason the spectra are
limited to energies below 3 eV.

At elevated temperatures all optical spectra usually broaden and structures show
a red shift. This can be explained by the lattice expansion and electron-phonon inter-
action [187, 188]. In the case of Si(111)-In one needs to compare room temperature
data with measurements below 100 K. In order to distinguish between the “normal”
changes of the spectra and any changes introduced by the phase transition, spectra
were taken for many temperatures between room temperature and 120 K. In this
temperature region the RAS spectra show a considerable increase in amplitude. Also
more details in the minimum structure can be resolved, namely an additional shoul-
der around 1.4 eV (S2). The expected blue shift of the structure is very small about
40 meV. In comparison the blue shift of comparable structures on GaAs and InP clean
surfaces show a shift of 240 and 150 meV respectively [189, 190]. The reason could
be the 1D nature of the states involved in the transition.

In Fig. 5.8 some spectra, recorded during the cooling process below 120 K, are
shown. To monitor the phase transition one can, alternatively, measure transients
at specific energies to monitor the phase transition. Fig. 5.8b) shows such transients
taken at the energies of the structures of the (4×1) surface (S1 at 1.9 eV, S2 at 1.4 eV) and
one at 2.4 eV. In both graphs it can be seen that the first irregular changes (decrease
in RAS amplitudes) occur around 120 K ± 5 K in good agreement with other reported
transition temperatures. Particularly in the transients it can be seen that the change
towards the (8×2) spectrum is gradual. To be more quantitative: assuming that the
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Figure 5.8: in situ monitoring of the phase transition in Si(111)-In:(4×1). a) shows
some spectra taken between 120 K and 80 K. Changes occur below 120 K
leading to a double peak around 2 eV. b) shows transients taken at 1.4,
1.9 and 2.4 eV. The changes seen in the transient from 230 K to 120 K
are related to the usual increase of RAS amplitudes upon cooling. The
changes by the phase transition can clearly be distinguished.

surface is fully (8×2) reconstructed at the lowest measured temperature of 30 K ±
10 K, the transient at 1.4 eV between 110 K and 30 K can be fitted by an exponential
function of the form y = y0+A exp((T−Tc)/τ), using fixed values1 for y0, A and Tc, the
value τ which reflects the typical temperature range of the transition is found to be
17.5 K ± 0.3 K. The RAS transient can also be used to calculate the surface area which
is still (4×1) reconstructed. Again assuming a 100% (8×2) surface at 30 K for instance,
at 70 K 10% of the surface would still be (4×1) reconstructed. This compares well to
the STM measurements of Yeom et al. where at 60 K individual rows still showed the
×1 periodicity [47]. In addition to RAS measurements LEED images were recorded
for the same samples, which reveal that the phase transition is indeed responsible
for the observed changes (see Fig. 5.5).

In a second step spectra were recorded at 30 K ± 10 K with the full available
spectral region (0.5 - 3 eV and 0.75 - 6 eV). Again all relevant changes occur between
0.5 - 3 eV, so only this region is shown in Fig. 5.9. For comparison, spectra were
also taken at 140 K – well above the transition temperature but already cold enough
to resolve details in the broad minimum structure. By displaying the difference of
two RAS spectra (here termed δRAS) small differences within larger, unchanged
RAS structures can be seen more easily. One problem is that optical spectra taken at

1 y0 = −0.5×10−3 (RAS at 1.4 eV, 30 K), A = −3.3×10−3 (δRAS of 110 K and 30 K, 1.4 eV), Tc (110 K)
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Figure 5.9: RAS spectra of the indium terminated Si(111) surface at low tempera-
tures. A spectra of the (4×1) at 140 K above the transition temperature
is compared with one of the (8×2) phase at 60 K.

different temperatures need to be subtracted. However the differences of RAS spectra
taken at 140 K and 30 K are not as drastic as for similar ∆T at higher temperatures
since changes by cooling usually saturate between 100 K and 0 K due to the zero
point renormalisation [187]. Test measurements at 30 and 140 K with adsorbate
stabilised (4×1) surfaces, which do not show the phase transition, have shown that
the δRAS signal is less than 0.5 RAS units if only the temperature dependent shift
and sharpening occurs (see also Fig. 5.26). All differences between (4×1) and (8×2)
surface shown in Fig. 5.9 are much larger and can therefore be assigned to changes
of the electronic states at the phase transition.

The low temperature (8×2) spectrum does show several new features. A broad
structure in the infrared (below 1 eV) and a rather sharp peak at 0.7 eV. The main
structures of the original (4×1) RAS spectrum are either completely quenched as the
shoulder at 1.4 eV or changed. The change in the 2 eV minimum structure can be best
explained by a splitting of the 2 eV minimum into two at 1.9 eV and 2.3 eV.

Before these changes can be discussed in terms of the conflicting models of the
phase transition the origin of the optical anisotropy of the (4×1) surface itself has to
be analysed in more detail.

5.3.1 Origin of spectral features in RAS

Recently Wang et al. calculated the optical anisotropy of the Si(111)-In:(4×1) surface
[176]. In Fig. 5.10 the measured RAS spectra is compared to calculations for the (4×1)
and (8×2) models introduced in Fig. 5.7. For comparison the calculated anisotropy
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Figure 5.10: Comparison of RAS spectra of the Si(111)-In:(4×1) and (8×2) surface.
The calculated spectra of the zig-zag chain models can reproduce the
measured spectra (dash-dotted) in amplitude and line shape. The al-
ternative (4×1) model can be completely discarded, since no agreement
with the measurement is found.

of the π-bonded stacking fault model of Saranin et al. was calculated as well. It
is obvious that the latter cannot explain the measurements. For the calculation of
optical spectra from bandstructures derived by ab-initio calculation within the density
functional theory in local density approximation (DFT-LDA), several approximations
still have to be made which makes direct comparison to measurements difficult. DFT-
LDA is a ground state theory. For the determination of optical spectra excited states
have to be treated. Several corrections of the DFT-LDA result can be applied to treat
the electron hole interaction or excitonic or local field effects [141, 190–192]. Such
corrections are very time consuming and have not yet been performed for the surface
of interest. In general such corrections lead to an enlargement of the gap energies
always underestimated in DFT-LDA and in changes of the relative amplitude of
the structures. Therefore the energetic position and relative peak intensities in the
calculations shown in Fig. 5.10 are not expected to be accurate – for better comparison
they were rigidly shifted to higher energies (scissors operator). What can be seen
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Figure 5.11: Slab polarisabilities of the (4×1) and (8×2) surface (courtesy to
Wang et al. [176]). The structure around 2 eV originates from an op-
tical transition with no transition strength for light polarised along the
chains. The structures at the Si bulk critical points originate by an
anisotropy in the transition strength and energetic position.

is that the calculation can already reproduce the main minimum structure at 2 eV
(S1) as well as the smaller structure (S2) for the room temperature (4×1) phase. The
three structures found for the (8×2) phase (Sa, Sb, Sc) are also reproduced. In order
to calculate the RAS spectra the polarisability α of the surface slab is calculated. By
analysing this value instead of the RAS spectrum one additional information can be
gained. The minimum at 2 eV originates from a transition with almost no transition
strength for light polarised parallel to the chain direction. This was already proposed
by Pedreschi et al. [180] and can be clearly seen in the calculated slab polarisabilities
in Fig. 5.11. This enables it to explain changes in the RAS peak energies directly with
changes in the energy of the states involved and new appearing structures as new
states.

Although the zig-zag chain model is confirmed by this calculation, particularly the
underlying structural model for the (8×2) surface, no detailed information regarding
the states involved in the optical anisotropy are yet available. In principle such an
analysis can be done using RAS calculations as was shown with great success for
other semiconductor surfaces such as the InP(001)-(2×4) reconstruction [190].

The good agreement of the calculated RAS spectra with the measured one can be
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Figure 5.12: Surface bandstructure calculations of Si(111)-In:(4×1) by Cho et al. [46]
(left) and Nakamura et al. [193] (right). The grey shaded area in the left
image shows projected bulk states. Only occupied surface states are
found in the region without bulk states. In the right graph it can be seen
that 2 eV transitions can occur around the X or Γ point. In both cases
the three metallic states will be involved.

used as a strong argument in favour of the model of Cho et al.; that the (8×2) is the
real ground state surface, while the (4×1) surface is caused by a thermal disorder in
the (8×2) unit cells leading to an effective (4×1) above the transition temperature.

Nevertheless there are other shortcomings of the disorder-order model as will
become evident in the Raman measurements and in adsorption studies later in this
chapter. I will therefore discuss now whether the model of the CDW formation can
also explain the changes in the RAS spectra.

The argument starts with an analysis of the bandstructure of the (4×1) surface,
in order to assign the main structures in the (4×1) RAS spectrum to certain elec-
tronic state transitions. Figure 5.12 shows two surface bandstructure calculations
using DFT-GGA. As can be seen by the data from Cho et al. [46] there are no unoc-
cupied states within the region of the bulk electronic gap. Another calculation by
Nakamura et al. [193] shows that there are states localised at surface atoms – although
energetically close to bulk states. Such states are also called surface resonances. The
large anisotropic feature in the RAS must arise from transitions between surface
states or surface resonances. Analysing the data of Nakamura et al. transitions with
the right energetic difference may occur either around the X or Γ point. In both cases
the three metallic surface states are involved either as ground state (X) or final state
(Γ). The large number of likely states due to the large unit cell can also explain why
the RAS structure is rather broad. Even upon cooling, the structure at 2 eV does not
narrow considerably as was seen for RAS spectra of other surfaces at low tempera-
tures. This indicates that many states with transition energies between 1.5 and 2.5 eV
contribute to this minimum in RAS. Although the assignment to transitions at the X
and Γ point needs to be confirmed by more detailed calculations some conclusions
regarding the phase transition can already be drawn.

Within the model of the CDW formation, the doubling of the unit cell leads to a
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Figure 5.13: Schematic explanation of the (8×2) RAS by backfolding of bands. If
the main structure S1 arises from a transition from the metallic surface
state to a dispersive conduction band, after the phase transition two
transitions with a small energy difference occur – the original S1 now
labelled Sa and Sb. The new structure at 0.7 eV Sc could then arise from
a transition to the backfolded former metallic state.

backfolding of the surface bandstructure. In Fig. 5.13 it is shown schematically how
such a backfolding can explain the occurrence of the two peaks around 2 eV and the
new peak at 0.7 eV as observed for the (8×2) phase. In this very simple picture the
complicated bandstructure is reduced to one dispersive conduction band and one
metallic surface state. Still the three main structures of the (8×2) RAS spectrum can
be explained if the original structure S1 arises from a transition between these two
bands. Unfortunately no analysis of the states involved in the RAS minimum at 2 eV
for the (4×1) surface exist so far, which could confirm this model. The situation is
furthermore complicated by the numerous bands of this surface. The main point
of this simple picture is therefore only, that in principle the backfolding of bands
itself – using only the (4×1) bandstructure can explain the RAS spectra of the low
temperature surface. This is particularly important for the discussion as to whether
the good agreement of the calculated (8×2) surface can be used as an argument in
favour of the structural phase transition. Assuming the calculated (4×1) model and
its RAS spectrum is correct, it is not surprising that the calculated RAS spectra of a
structure with a doubling of the periodicity and only small structural differences also
matches the measurements.

I have shown that the differences in the RAS of the Si(111)-In:(4×1) and (8×2)
surfaces can be explained in terms of a CDW formation, but also by the calculated
structural models – no explanation can be favoured so far. In the next section I will
therefore move to the discussion of the vibrational properties of the structure.



70 5. T P   S(111)-I

5.4 Raman spectra of the (4×1) and (8×2) surface

Concerning the vibrational modes of the Si(111)-In:(4×1) not much was known. A
single report concerning surface vibrational modes by Sakamoto et al. showed one
mode at 488 cm-1 for the (4×1) and two at 480 and 264 cm-1 for the (8×2) phase,
which were assigned to surface phonons [194]. Since the resolution of HREELS
is generally poor compared to Raman spectroscopy and particularly since, due to
the high mass of indium, vibrational modes of the metal atoms are expected to be
low in frequency, variable temperature Raman measurements were performed. In
Fig. 5.14 the Raman spectra of a Si(111)-In:(4×1) surface is shown for two scattering
configurations. All modes marked with arrows can be assigned to surface vibrational
modes of the Si(111)-In:(4×1) surface, even though some of them occur in the range
where bulk phonon modes exist. For comparison spectra of the clean Si(111)-(7×7)
surface were measured which show no structures apart from the Si bulk phonon
modes. By subtracting the spectra of the clean surface from the one of the Si(111)-
In:(4×1), modes arising from surface vibrations only can be seen. The assignment of
the observed surface phonon modes to certain atoms in the surface unit cell is also
possible – at least for some vibrations. Particularly the strong mode at 427 cm-1 can
be directly assigned to Si-Si vibrations either in the silicon chain or near surface Si

λ

Figure 5.14: Raman spectra of the Si(111)-In:(4×1) surface measured in two different
geometries. For the upper incoming and measured polarisation was
parallel to the indium chains and surface phonons are marked with
arrows. The spectra of the clean Si(111)-(7×7) surface in the same scat-
tering geometry is given by the thin line. The differences between the
indium terminated and clean surface is given by the dotted line. In the
case of the lowest curve ei was rotated by 90°.
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symmetry ω0 in cm-1 FWHM (2wL) in cm-1 comments

A′′ 28 ± 0.9 5.2 ± 1.3

A′ 31 ± 1 6 ± 4 1.91 and 1.83 eV only
36 ± 2 14 ± 10 possibly two modes

51.8 ± 0.6 3 ± 1
61 ± 1.3 5 ± 2
72 ± 3.3 11 ± 9 possibly two modes
105 ± 1 8 ± 3 two phonon
118 ± 1 9 ± 2 process

148 ± 7 16 ± 12 possibly two modes
428 ± 1 14 ± 4

467 ± 1.5 7 ± 7 1.91 and 1.83 eV only
487 ± 2.6 10 ± 2 1.91 and 1.83 eV only

Γ′25 520.0 ± 0.2 2.5 ± 0.2 silicon bulk

Table 5.1: List of the identified surface phonon modes of the Si(111)-In:(4×1) sur-
face. Some modes have unusually large FWHM and large errors in the
frequency determination. It is possible in these cases that more than
one mode is contributing, but since they are weak (148 cm-1) or only
shoulders in stronger modes (36, 72 cm-1), no definite answer can be
given.

layers. For the Si(111)-(2×1) surface which only consists of π-bonded silicon chains,
surface phonon modes were predicted at 435 cm-1 and 412 cm-1 [147]. The energy
range where In-In or In-Si vibrations are expected can be approximated within the
simple harmonic oscillator model (ω0 ∼ √1/m) using the atomic mass of indium
and silicon. In Fig. 5.14 these areas are marked. Stimulated by the Raman measure-
ments, calculations of the vibrational properties of the Si(111)-In:(4×1) surface were
performed by Bechstedt et al. [186]. Before I directly compare the calculations with
the measurements shown in Fig. 5.14, measurements with different incident photon
energies have to be analysed, since due to resonance certain modes are more pro-
nounced at different laser energies. Figure 5.15 compares the normalised intensities
I/ISi,Γ′25

with those corrected for penetration depth and the resonance of the silicon
bulk mode as described in detail in section 3.4.4 by using the penetration depth cal-
culated from the dielectric function in nm and the values for SSi,Γ′25

from [112]. With
the corrected spectra, peak positions and amplitudes were derived with the fitting
procedure described in 3.4.5.

In table 5.1 the result of this fit procedure is given for all identified surface modes.
The given frequency of a mode ω0 is the mean value of all fitted spectra at different
incident laser energies. The error is estimated by the quadratic sum of the mean
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Figure 5.15: Raman spectra of Si(111)-In:(4×1) for several photon energies. The left
graphs shows the as measured spectra normalised to the Si Γ′25 mode.
The right graph shows spectra corrected for the difference in the scat-
tering volume for bulk and surface phonons and the resonance of the
Si Γ′25 mode. The upper graphs show modes in A′ symmetry, where the
polarisation vector of the incident ei and scattered es light was perpen-
dicular to the chain direction. For the lower graphs ei was parallel to the
chain direction, while es was perpendicular to the chains (A′′ symmetry
modes). All spectra were stacked for better visibility.
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individual error of the fit itself2 and the standard deviation of the peak position for
various measurements. The given width of the mode is the Lorentzian full width half
maximum (FWHM). Again the error of this is estimated by the confidence interval
of the fit itself and the standard deviation of the results for various incident laser
energies. Most modes are not only much weaker but also broader than the silicon
bulk mode. In some cases though the determined line width is unusually large (36,
72, 148, 487 cm-1) an indication that more than one mode are close together. For the
487 cm-1 mode this was tested by high resolution measurements – but no difference
in line shape was found. For the low energy range high resolution measurements
could not be performed due to the increased elastic background by the reduced stray
light reduction of this measurement configuration.

Another special case are the structures found at twice the energies of the strongest
low energy modes at 52 and 61 cm-1. It is likely that the structures at 105 and 118 cm-1

are no modes for themselves but two phonon processes. This explanation will be
further supported by the low temperature measurements.

In addition to the peak positions and line widths the intensity was also derived
from the fits. The corrected amplitudes of the modes are proportional to the Raman
susceptibility. Figure 5.16 shows this value for several identified modes. It can be
easily seen that most surface phonon modes are resonant below 2 eV – the same
energy where also the strongest anisotropy in the reflectance of the surface occurs.

2Usually a confidence interval is given by the fit program – here “Peakfit V4”

Γ
Γ

Γ
Γ

Figure 5.16: Intensity of some surface phonon modes with incident photon energy.
The left graph shows the intensity linearly scaled while the right graph
uses a logarithmic axis. Most modes are strongest at 1.83 eV (solid
curves). Some (28, 52 cm-1 – dashed) are strongest at 1.91 eV, while
others (61, 72 rcm – dotted) are resonant above 2 eV.
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symmetry measured (cm-1) calculated modes (cm-1) [186, 195]
surface resonance bulk

A′′ 28 15, 21

– 51 55
– 79
– 81, 109 114, 158
– 421 435, 447
– 457, 481

A′ 31, 36 31, 42

52 54 48
61 67
72 78
105 104 93
118 109 129
148 129, 140
– 201, 211, 245
– 255 274, 293
– 303, 314
– 394 384, 401

428 411 416, 430
468 444, 459
487 470

Table 5.2: Comparison of measured Si(111)-In:(4×1) phonon modes with calcu-
lations from [186, 195]. The calculated modes with the strongest
displacement within the first atomic layer are labelled “surface”.
Modes with no considerable displacement within the first layer
are labelled “bulk”, while those with displacement both in all
layers are labelled “resonance”. Surface modes with displace-
ment patterns involving only indium atoms are additionally set in
bold. If the silicon chain contributes dominantly the value is set
in italic. A visualisation of all calculated modes is available at
http://gift.physik.tu-berlin.de/pub/In-Si-modes/ . The assign-
ment to measured modes is not unique and is based only on the calcu-
lated energy and symmetry of the mode.

http://gift.physik.tu-berlin.de/pub/In-Si-modes/
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Only the modes at 61 cm-1 and 72 cm-1 show different resonances at 2.2 eV or 2.4 eV
respectively. Unfortunately the measurements for photon energies larger than 2 eV
show a worse signal to noise ratio, caused by the low available laser power in the
case of the 2.18 eV, yellow Kr+-laser line and the poor quantum efficiency of the CCD
array at higher energies. Nevertheless the resonance below 2 eV is evident and also
the different behaviour of the 61 cm-1 mode.

After the determination of the frequencies of the surface phonons it is now possible
to compare the measured modes with calculations. In Table 5.2 the frequency of all
modes observed is given in comparison to calculations by Bechstedt et al. [186]. The
ground state atomic positions were derived from DFT-GGA calculations and were
comparable to the ones found by Cho et al. [46] and Wang et al. [176]. Details of
the phonon mode calculations are given in [186]. Basically atomic force constants
are derived by displacing each of the 14 topmost atoms of the slab by 0.01Å in each
Cartesian direction. The restoring forces are then calculated. Together with the
known atomic masses, the Eigenvalues of the resulting 42×42 dynamical matrix can
then be calculated leading to 42 vibrational modes – 28 in A′ and 14 in A′′ symmetry.
The latter ones can be seen in Raman spectra with crossed incoming and scattered
polarisation, while the A′ modes can be seen for parallel polarisation. However
an assignment of the 42 calculated modes to the 12 measured ones is not straight
forward, since there is a deviation from calculated energies and measured ones due
to the small slab size. Additionally the large number of modes and, particularly for
low energies, small energetic differences make an assignment difficult.

5.4.1 Monitoring of the phase transition

For the RAS measurements it was already shown that the phase transition can be
monitored in-situ. For Raman measurements this is not as easy. The Raman setup
used in this work was equipped with a CCD. Therefore it was not possible to measure
transients for a certain Raman shift. Instead spectra were taken using the shortest
integration time possible, but long enough to observe the weak surface phonon
modes. Unfortunately the signal to noise ratio of these measurements is still rather
poor. For technical reasons it was also impossible to stabilise the temperature with
the inbuilt sample heating, since this produced a strong background illumination,
which made Raman measurements impossible. The only possible measurement was
to take spectra with 5 min integration time during cooling at the lowest possible stable
cooling rate of -1 K/min. In Fig. 5.17 the spectra taken during these measurements
are shown. All spectra shown in the plot taken were between 240 K and 60 K. The
Raman intensity is coded in grey scales – the highest intensity in white, the lowest
in black. Hence every horizontal line represents one spectrum. The peak position
of the strongest modes of the (4×1) phase at 35, 52, 62 and 105 cm-1 are marked with
white boxes.

Below 120 K the Raman spectra start to change. Again at around 80 K the changes
are mostly completed, though the intensities of the new modes are still changed if
the sample is cooled further. The temperature range in which the changes occur is
the same as found in the RAS experiments. At low temperatures many more modes
can be seen in comparison to the room temperature phase already for these short
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Figure 5.17: Raman spectra of the Si(111)-In:(4×1) surface upon cooling. The spectra
are shown coded in grayscales – the highest intensity in white, the lowest
in black. Each horizontal line represents one spectrum, taken at the
temperature as indicated in the y-axis. Around 120 K the Raman spectra
change. Most prominent changes are the appearance of two strong
modes at 28 and 40 cm-1 evolving out of the 35 cm-1 room temperature
mode and the gradual shift of the mode at 62 cm-1 (white ellipse). The
grey circles mark surface phonon modes found for the low temperature
phase in these rather noisy spectra.

integration time spectra. The new modes appearing will be discussed in detail in
the next section, where spectra taken at 40 K and longer integration times will be
analysed.

Although there are new modes appearing it is also noteworthy that the most
dominant mode for the room temperature phase at 55 cm-1 is almost unchanged
apart from a small blue shift. The same can be said for most of the weaker modes.
Most interesting is the behaviour of the room temperature mode at 62 cm-1 (marked
with the white ellipse in Fig. 5.17). Upon the phase transition it gradually shifts from
63 cm-1 at 120 K to 58 cm-1 at 60 K – showing therefore an unusual and unexpected red
shift. As one will remember, this mode additionally shows an unexpected resonance
at 2.2 eV – the energy where a structure in the low temperature RAS also occurs.

5.4.2 Raman spectra of the Si(111)-In:(8×2) surface

Before I discuss the differences of the (4×1) and (8×2) spectra and how they can be
understood in terms of the formation of a CDW, the spectra of the low temperature
phase needs to be analysed in the same detail as those of the room temperature phase.
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Figure 5.18: Raman spectra of the (8×2) low temperature phase for A′ (left) and A′′
symmetry (right). Several new modes are found for the low temperature
phase, though most modes already found for the (4×1) surface still exist.

Figure 5.18 shows the spectra taken for several incident photon energies. Many more
modes are observed than for the room temperature phase, as expected for the larger
unit cell. The most dominant change in the Raman spectra are two strong modes
appearing at low frequencies at 29 cm-1 and 42 cm-1. In this spectral region only
two weak modes were found for the (4×1) surface (31, 36 cm-1). Since the electronic
surface states are changed upon the phase transition as well, one cannot exclude the
possibility that these strong modes are resonantly enhanced for the (8×2) phase but
not for the (4×1) phase. Therefore one has to analyse the resonance behaviour also
for the low temperature phase.

In order to compare the intensities of the measured phonon modes for several
incident photon energies a similar correction is done as was described for the room
temperature measurements. Again the spectra are normalised for the Si bulk Γ′25
mode at 524 cm-1 and corrected for the resonance of the bulk phonon and the different
scattering volume. Unfortunately there is no direct measurement of the Raman cross
section for the Si bulk mode at low temperatures available. In Fig. 5.19 the measured
Raman cross section for room temperature is compared to |∂ε/∂ω|2 calculated from
ε as given in [74]. It can be seen that in this spectral range, there is a reasonable
agreement with the measured cross section. Since the low temperature dielectric
function for silicon is known as well [188], a similar quantity can be calculated for
30 K. To account for the deviation of the experimentally found cross section and
the theoretical value from the macroscopic theory the calculated values for the low
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Figure 5.19: In contrast to 300 K the Raman cross section for the Si Γ′25 was not found
in the literature. The known values for 300 K are given in black squares
(taken from [112]). The black line shows the |∂ε/∂ω|2 approximation for
30 K and the dotted line for 30 K (calculated from the dielectric function
given in [74] and [188] (see inset). The grey circles denote the values
used for correction of the LT Raman spectra as described in the text.

temperature measurements were scaled by the same factor as the measured values
deviate from the calculations for the room temperature case. The values found are
shown in Fig. 5.19 as grey circles.

The spectra in Fig. 5.18 were corrected using SSi,Γ′25
for 30 K and the penetration

depth (in nm) calculated from the low temperature dielectric function from [188].
The number of modes which can be identified for the (8×2) surface is huge. For A′
symmetry 16 modes could be identified, since they were found for all incident laser
energies, though there are indications of more modes in the spectra with the best
signal to noise ration taken for ωi = 1.91 eV. For the (4×1) only 8 modes were found.
For the A′′ symmetry the increase in the number of confirmed modes is even larger,
since only one mode was found for the (4×1) but 9 for the low temperature (8×2)
phase. For symmetry reasons the number of possible surface modes for the (8×2)
should be 4 times larger, since the number of atoms per unit cell is increased likewise
by the doubling of the unit cell in the two directions.

In table 5.3 the phonon modes derived from the fits of all measured spectra as
shown in Fig. 5.18 are listed. Again for some structures it is likely that more than
one mode is contributing. For the measurements with the best resolution and also
highest available laser power (1.91 eV) the signal to noise ratio is considerably better
than for most of the other measured laser energies. In this case even more modes can
be identified. These cases are indicated by the comment “possibly 2 modes” in the



5.4. Raman spectra of the (4×1) and (8×2) surface 79

symmetry ω0 in cm-1 FWHM (2wL) in cm-1 comments

A′′ 23.5 ± 0.8 4 ± 1.5 possibly 2 modes
42 ± 3.5 8 ± 5 possibly 3 modes
59 ± 3 8 ± 6 possibly 2 modes

69 ± 1.5 4 ± 1.5
85 ± 1.7 8 ± 4

184 ± 0.7 7 ± 3
262 ± 2 12 ± 7

458 ± 1.2 3 ± 1.5

A′ 21 ± 1.6 4 ± 3
28 ± 1.3 4 ± 2
41 ± 2 4 ± 2

57.2 ± 0.7 5 ± 2
62 ± 1.5 3 ± 4
69 ± 1.1 5 ± 4
83 ± 2.3 7 ± 6 possibly 2 modes
100-130 - broad structure

139 ± 1.2 11 ± 6 possibly 2 modes
154 ± 2 7 ± 6 possibly 2 modes
185 ± 2 12 ± 8 possibly 2 modes
255 ± 4 7 ± 6
264 ± 3 7 ± 4 also in HREELS [194]

412 ± 2.5 10 ± 8
435.1 ± 0.7 22 ± 10

473 ± 2 4 ± 4

495 ± 5 18 ± 14
also in HREELS [194]

Γ′25 523.6 ± 0.8 0.9 ± 0.2 silicon bulk

Table 5.3: List of the identified surface phonon modes of the Si(111)-In:(8×2) sur-
face. For several modes more than one structure is likely to contribute,
though they could be only resolved for the spectra with the highest res-
olution and signal to noise ratio (1.91 eV). The errors are given by the
quadratic sum of the standard deviation of the measurements and the
mean error of each fit itself (confidence interval). The Gaussian width
of the Voigt profile was kept constant for all modes measured with the
same incident laser energy, since the broadening of the experimental
setup is quantified by wG. The larger errors, compared to the RT mea-
surements, in the determination of the energetic position but even more
in the Lorentzian line width wL, is caused by the large number of peaks
which needed to be fitted. If two modes, separated by less than their
own line width are fitted, the confidence intervals increase drastically.
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table.
Originally these experiments were performed to quantify the changes in the

atomic positions upon the phase transitions. Due to some technical problems3 Raman
measurements with acceptable signal to noise ratio could not be performed at 140 K.
For the majority of modes only room temperature spectral positions can be compared
to the low temperature results. This complicates a discussion of energetic shifts in
certain phonon modes upon the phase transition. Nevertheless a detailed comparison
will be done.

5.4.3 The difference of the (4×1) and (8×2) Raman spectra

By analysing the modes found for the room temperature (4×1) and the low temper-
ature (8×2) phase several similarities but also distinct differences can be seen. The
question arises how this can be understood in terms of the charge density formation
or, alternative, by the structural reordering.

Energetic shift

Whenever spectra taken at different temperatures are compared energetic shifts of
the phonon modes are expected, since upon heating phonon modes are generally red
shifted. This can be understood in terms of anharmonicities in the potential which
lead also to thermal expansion and red shifts of critical point energies (see review
article [187]). For bulk materials the expected shifts have long been known and can
be described well by theory. The Γ′25 bulk mode of silicon for instance is found at
520 cm-1 at room temperature and at 524 cm-1 below 100 K. A similar shift is hence
expected for the measured surface phonons. For the strongest modes, which can be
found in both phases, the shift upon cooling is -4.5±1.2, 5.4±0.9 and 7±1.2 cm-1 for
the 28, 52 and 428 cm-1 mode of the (4×1) surface respectively. The observed shift is
larger than the one for the bulk silicon mode. The large shift is particularly surprising
for the low energy surface phonons, especially for the 28 cm-1 phonon where a red
shift is observed. If spectra taken upon cooling are analysed in more detail for the
energy region of the In-In vibrations (below 80 cm-1, Fig. 5.20) this discrepancy can
be partly understood. The energetic shift due to the anharmonicity is expected to be
saturated around 100 K [187, 196–198]. If spectra for various temperatures are again
plotted in grayscales, the mode at 52 cm-1 appears as a straight white line in Fig. 5.17
and Fig. 5.20. In Fig. 5.20 it can be seen that this mode is already found at 54 cm-1

for 180 K. Further cooling does not change the energetic position anymore. The shift
to 57 cm-1 occurs at temperatures well below 120 K, where no further temperature
related shift is expected. One can therefore conclude that atoms involved in this
vibrational mode do change their average position upon the phase transition. The
shift nevertheless is gradual, since the phase transition is a gradual process, which
is only fully completed below 60 K as one has already seen for the low temperature
RAS measurements.

I have shown so far that the energetic shifts upon cooling and the phase transition
for vibrational modes which are found on both phases are larger than expected for a

3background light due to the necessary heating of the samples
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Figure 5.20: Raman spectra of the Si(111)-In:(4×1) surface upon cooling. The spectra
are shown coded in grayscales similar as in Fig. 5.17. Here only the
modes related to In-In vibrations are shown below 80 cm-1. The energetic
shift of the 52 cm-1 below the transition temperature can be seen more
clearly in this graph. Additionally the splitting of the 33 cm-1 and 62 cm-1

is indicated schematically by the white dotted lines.

merely temperature related shift. In the case of the 52 cm-1 this can be even quantified.
The temperature induced shift is approximately 2 cm-1, while the shift introduced by
the change of atomic positions upon the phase transition is 3 cm-1. In a linear model
this would correspond to changes of the In-In bond length of 5%. This is comparable
to the reported changes in the atomic positions upon the phase transition [48] and
also with the ab-initio calculations of the positions for both phases [46, 166, 176].

Another conclusion can be already drawn. A drastic change in the bonding
configuration of the surface layer such as an In-trimer formation, as was suggested
in [48], is unlikely. In such a case larger shifts or the complete disappearance of
modes would be expected, since the local symmetry of the bonds would be changed.

Disappearing modes

As just mentioned the disappearance of modes would be a strong indication of drastic
changes of the surface geometry upon the phase transition. In Fig. 5.21 the spectra
of the (4×1) and (8×2) in the most interesting regions below 200 cm-1 and above
400 cm-1 is shown. Whenever there is a mode found for the (4×1) surface there is
at least one, but usually more modes are found for the (8×2) surface at the same
energy or near by. Only in the case of the two modes found at 105 and 118 cm-1 is
this not true. A weak broad structure is found in this energetic region for the (8×2)
surface. The two strongest modes of the (4×1) surface are found at 52 and 61 cm-1

which is exactly one half of the modes under discussion. There is the possibility
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Figure 5.21: Comparison of the A′′ modes of the (4×1) and (8×2) phase. The shown
spectra were taken with an incident laser energy of 1.91 eV, where the
best resolution can be achieved and the laser power is high enough
to achieve good signal to noise ratios. The energetic positions of the
identified surface phonons are marked for both phases with vertical
dotted lines. For the low temperature (8×2) phase the modes are usually
blue shifted (black arrows) but new modes also appear, possibly due to
backfolding of original modes (indicated by grey solid lines).

that the structures at 105 and 118 cm-1 are caused by second order Raman scattering
involving two phonons simultaneously. Such a process is unlikely and therefore
weaker than the first order process. Even more important the process gets less likely
at low temperatures, were the occupation numbers of the phonons are decreased
[125, 199]. Two phonon structures are therefore much weaker at low temperatures as
can be also seen for the 2TA silicon bulk structure in Fig. 5.15 for 300 K and Fig. 5.18
for 30 K. Assuming that the measured structures at 105 and 118 cm-1 are such second
order processes it is therefore expected that they will be weaker at low temperatures.
The broad and weak structure in the energy region of 100-130 cm-1 is most likely the
remaining second order structure at low temperatures.

New modes and line broadening

The most prominent change of the Raman spectra of the Si(111)-In:(8×2) surface are
the newly appearing modes. To some extent this can be explained by the better
signal to noise ratio for low temperature measurements which makes the detection
of weaker modes possible. Secondly the energetic shift in the bandstructure upon
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cooling can change the resonance of certain modes. This will be discussed in detail
later. The main reason though for new modes for the Si(111)-In:(8×2) is the increased
number of atoms per unit cell. In the original Si(111)-In:(4×1) surface the top layer
consist of 4 indium and 2 silicon atoms. The Si(111)-In:(8×2) unit cell contains 16
indium atoms and 8 silicon atoms – four times more. The number of microscopic
surface modes should therefore be increased by the same factor.

The number of measured phonons is nevertheless much smaller than the theo-
retical maximum number of vibrational modes. The reasons for this are manifold.
First the Raman cross section for the individual modes can differ greatly. There is
always the possibility that a mode is just too weak to be observed with the available
incident photon energies. The second and probably most important reason is the
limited resolution of the measurements. By closing the entrance and exit slit of the
monochromator to dslit = 100µm and using incident laser light close to the maximum
of the sensitivity of the CCD array (Ei=1.91 eV) the best resolution of approximately
1.5 cm-1 was achieved. In the case of the Si(111)-In:(8×2) there is no reason why,
for instance, microscopic In-In vibrations in the two adjacent rows spaced by the
silicon zig-zag chain should differ. It is unlikely that an energetic difference due to
the different phase of the lattice distortion for the (4×2) or (8×2) model (see Fig. 5.7,
p. 62) can be measured. Consequently only a (4×2) unit cell need to be discussed for
the measured spectra. The doubling of the number of surface phonons expected in
that case is close to the observed numbers (10 for the (4×1) and >16 for the (8×2)).

Similar to the (4×1) surface, there exist calculations of the phonon frequencies for
the low temperature phase by DFT-LDA [195]. Since the (8×2) unit cell is too large
for such a calculation only a (4×2) unit cell was considered, though as already stated
above, no great difference in the phonon energies between the (8×2) and (4×2) model
are expected. Unfortunately the (4×2) was still to large for a calculation treating
some subsurface silicon layers. This makes a comparison with the results for the
(4×1) surface even more complicated. In table 5.4 the results of the calculation are
compared with the measurements of the Si(111)-In:(8×2) Although the number of
calculated modes is much smaller, since only vibrations in the top layer were con-
sidered, the assignment of calculated modes to measurements is rather complicated.
By examining the calculated displacement patterns of the (4×2) surface one does
not find many similarities with the calculations for the (4×1) surface. This is most
likely only caused by the different number of layers treated in the calculations. For a
meaningful comparison, calculations are necessary using the same number of atoms
but different atomic positions for the two surfaces.

Some conclusions can be drawn from these calculations in any case. First no
modes are calculated in the energy region above 410 cm-1. But at least 4 were mea-
sured. For the (4×1) surface such modes were calculated, confirming that all mea-
sured modes in this energetic region are located in the near surface silicon layers.
There is a good agreement of the (4×2) calculations only in the low energy region
below 100 cm-1. Most of these modes are In-In vibrations. This proves two points: (i)
all changes in the energetic positions upon the phase transition as discussed above
can indeed be attributed to changes in the indium position, (ii) the doubling of
the periodicity perpendicular to the chain direction does not directly influence the
measurable number of In-In vibrational modes.
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symmetry measured (cm-1) calculated modes (cm-1) [186, 195]
(4×1)300K (4×2)30K (4×1)surface (4×2)

A′′ 28 23.5 21 20, 23
42
59 60, 65
69 68, 70, 74
85 78, 99

184
262 313, 323
458 421 420

A′ 21
31 28 31 31
36 41 42 49, 53
52 57.2 54 57

62 64
61 69
72 83 82, 87, 90

105,108 100-130 104, 109 99, 105, 110, 117
139 128, 144

148 154 150, 164
185 175
255 255 221, 245
264 263, 267
– 316, 333

412
428 435 411 408
468 473
487 495

Table 5.4: Comparison of measured Si(111)-In:(8×2) phonon-modes with cal-
culations from [195]. For comparison the measured modes of
the (4×1) surface and calculated (4×1) modes which are located
in the top surface layer only from table 5.2 are given as ref-
erence. A visualisation of all calculated modes is available at
http://gift.physik.tu-berlin.de/pub/In-Si-modes/ . In contrast
to the calculations for the (4×1) surface no underlying silicon bulk layers
was considered.

http://gift.physik.tu-berlin.de/pub/In-Si-modes/
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Figure 5.22:

Backfolding of phonon branches upon the
doubling of the unit cell. Depending
on the dispersion of the original phonon
mode the new modes occur at higher and
lower energies of the original mode. The
stronger the dispersion the larger the en-
ergetic difference of the original and the
newly appearing mode

Even without the calculations a simple model can be given, explaining the newly
appearing modes but also the unusual broadening of some measured modes upon
cooling. By the doubling of the unit cell in the chain direction a backfolding of the
phonon branches is expected. In Fig. 5.22 this is shown schematically. Depending on
the dispersion of the original mode new modes can appear either at higher or lower
energies than the original mode. In the case of the Si(111)-In:(8×2) surface the Raman
spectrum can be understood by the backfolding of phonon branches of the original
Si(111)-In:(4×1) surface, first by the doubling of the unit cell along the chain direction
and another by the doubling perpendicular to the indium chain direction. Since no
detailed information about the dispersion of the Si(111)-In:(4×1) surface modes exist,
the model cannot be tested directly. Nevertheless if the dispersion of the phonon
branches is small the backfolding can explain the broadening of modes since the new
mode is very close to the original mode. If the dispersion is stronger, particularly for
acoustical phonons of the (4×1) surface, upon the phase transition new modes will
appear, such as the strong low energy modes at 28 and 41 cm-1.

Changes in measured amplitudes

The last difference of the (4×1) and (8×2) Raman spectra are the changes in the
measured amplitudes. For certain modes there is a drastic increase in the measured
amplitude as can be seen directly in Fig. 5.20 and 5.21. Other modes such as the one
at 52 cm-1 are not changed. One possibility are resonance effects, since as already
shown in the RAS measurements the surface bandstructure and also the optical
transition energies are changed upon the phase transition. In Fig. 5.23 the intensity
of the strongest modes is shown versus the incident photon energy for both the (4×1)
and (8×2) surface. For both surfaces modes are found to be resonant not only in the
red spectral region but also above 2.2 eV. In the case of the (4×1) surface only two
modes are resonant above 2 eV while for the (8×2) surface many modes are resonant
in this energy region (particularly the weaker modes which are omitted in Fig. 5.20
for clarity.

Within a classical macroscopic model the resonance of phonon modes in Raman
spectroscopy can be related to the susceptibility of the sample, since the amplitude
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was found to be proportional to |∂χ/∂ω|2. For the surface modes a similar behaviour
is expected. The only known quantity for the surface layer dielectric properties are
the RAS measurements. But the RAS spectra can be related to the surface dielectric
anisotropy only not to the dielectric function (and hence χ). Fortunately in the calcu-
lation of the RAS spectra based on the current models for the (4×1) and (8×2) spectra
a quantity is calculated – the slab polarisability α – which is related to the dielectric
function of the surface layer: εi j = δi j + 4παi j [139, 200] (see also Fig. 5.11). |∂α/∂ω|2
is proportional to |∂χ/∂ω|2 and can therefore also be used to describe the resonance
of the surface phonon modes. In Fig. 5.23 it can be seen that this approximation
based on the DFT-LDA calculation gives only a qualitative agreement, explaining
the resonance in the red spectral region. For the (8×2) surface a second resonance
above 2 eV can also be seen. Nevertheless for the (4×1) surface, certain modes are
resonant above 2 eV where no such resonance is calculated.

Until now the number of incident photon energies where Raman spectra were
measured is too small to draw definite conclusions from this analysis. In principle
these kinds of measurements, together with more detailed calculations which decon-
volve the response from particular electronic states, can help to understand how the
surface vibrations are coupled to the electronic states.

Γ
Γ

Γ
Γ

Figure 5.23: Comparison of the surface phonon resonance of the (4×1) and (8×2)
phase. For the (4×1) the resonance in the red spectral region can be well
understood in a macroscopic model by using the first derivative of the
surface polarisability α (solid lines). The only exception is the phonon
at 61 cm-1with a different resonance behaviour. For the low temperature
surface the situation is more complex. Still there is a resonance below
2 eV for most modes but many are also enhanced around 2.2 eV. This
can be at least qualitatively understood by the doubling of the main
structure in the polarisability (see also 5.11).
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5.4.4 Consequences for the discussion of the conflicting models

To summarise this part I will shortly review the main conclusions which can be
draw from the Raman measurements: (i) the two phases have very distinct Raman
spectra. (ii) the phase transition can be monitored by observing the changes in the
Raman modes of the surface phonons. (iii) for the low temperature phase many more
modes are found and (iv) most modes of the (4×1) surface are found on the (8×2)
phase as well, showing only changes in intensity and small changes in frequency.
This fact rules out the proposed formation of trimers as the driving force of the
phase transition since drastic changes are expected for a complete change of the In-In
bonding configuration. Nevertheless the changes in the phonon frequencies upon
the phase transition are in agreement with measured as well as calculated positional
changes.

For the discussion as to whether the phase transition is driven by a CDW formation
or whether an order–disorder transition occurs the Raman spectra cannot give a
conclusive answer. In both cases the changes observed can be explained by the
backfolding of phonon branches which are expected for both models. Some aspects
though contradict an order–disorder transition. The occurrence of the two strong
modes at 28 and 41 cm-1 for the (8×2) surface itself, where only a weak broad mode
at 36 cm-1 is found for the (4×1) surface even at 150 K, can be easily understood if the
atomic positions of the atoms involved in this transition do vary due to a thermally
activated disorder. Nevertheless other modes on the (4×1) surface have exceptionally
narrow line widths although the calculated displacement pattern show that the same
indium atoms are involved in all these low energy modes. It is therefore hard to
understand why some modes should be completely unaffected by the thermally
induced disorder. Furthermore the most prominent modes of the (4×1) surface (52
and 428 cm-1) are broadened at the phase transition which cannot be understood in
the order–disorder picture at all.

The Raman measurements in the temperature region of the phase transition reveal
changes in the phonon frequencies which confirm the changes in the atomic positions
of the order of 5-10% changes in bond lengths of the indium atoms as found in
GIXRD measurements [48, 178] and calculations of the (8×2) surface geometry [46,
166, 176]. The difference in the resonance of phonon modes of the (4×1) and (8×2)
can also be qualitatively understood using the calculated slab polarisability of the
two surfaces from [176]. This is another indication that the structural models for the
(4×1) but also the (8×2) surface are quite accurate. Unfortunately the accuracy of the
direct calculations of the phonon frequencies but also the signal to noise ratio of the
measurements performed so far are not sufficient to enable a more detailed analysis of
the obvious changes in the In-In related phonons upon the phase transition between
120 K and 80 K. More accurate measurements and calculations always using the same
number of atoms in the unit cell could lead to a more definite answer as to which
modes of the low temperature phase develop from the (4×1) modes.

The CDW formation on the other hand is in accordance with all the Raman mea-
surements. The energetic shifts can be explained by the expected periodic lattice
distortion due to the strong electron-phonon interaction in such systems. The res-
onance of the Raman intensity of the surface phonon modes in the spectral region



88 5. T P   S(111)-I

where structures are also seen in the RAS is another indication of the strong coupling
of the lattice to the quasi 1D-electronic states. The unusual broadening and occur-
rence of new Raman modes for the low temperature phase is understood already in
a simple backfolding picture.

In contrast to RAS spectra, Raman measurements do exist for the class of bulk
one-dimensional conductors such as 2H-TaSe2, 2H-NbSe2 or K2Pt(CN)4Br0.3 · 3H2O
where a CDW formation driven by the Peierls instability is observed as well [201–
204]. Similar to the observations for the indium chains the most dominant changes
are the increase of measured phonons for the Peierls state, though in comparison
the changes are even more pronounced since the CDW patterns are much more
complicated. In the case of 1T-TaS2 there is an increase in the number of Raman
active modes from 2 to 348 in the presence of the CDW [204]. In some cases even the
bulk symmetry is completely changed leading to even more irregular changes [203].

For some of these materials there are special modes observed which occur for
the Peierls state only and drastically change their energy by further cooling. The
so called “soft modes” are caused by a mode which transfers the atoms between
the unperturbed positions and the positions in the Peierls distorted phase4. Above
the phase transition temperature Tp these modes are acoustical modes and not seen
in Raman spectra while below the transition temperature an optical mode occurs
due to the backfolding of this soft phonon mode in the reduced Brillouin zone.
In a mean field theory it was found that the energy of this mode ΩLO varies with
the temperature as follows: ΩLO/ω0 = 1.4λ1/2

√
(TP − T)/T. λ denotes the electron-

phonon interaction parameter [51]. ω0 is the frequency of the original acoustical
mode at qF, the wavevector of the distortion which depends on the number of atoms
displaced and their masses. Such a mode can be found in measurements for some of
the bulk materials [202, 203].

The occurrence of soft modes would be an additional proof of a Peierls state but
were so far not observed for the Si(111)-In:(4×1) surface. The displacement pattern
of soft modes should be in accordance to the changes in atomic positions. Since this
displacement is almost only along the chain direction (see arrows in Fig. 5.7) a soft
mode will have A′′ symmetry. So far the temperature dependent measurements were
only possible in A′, due to the limitations of the setup. Without the observation of
an energetic shift in some of the measured A′′ modes any discussion as to whether
one of these modes is a soft phonon mode is too speculative. If such modes are not
observed in Raman spectroscopy it is, in reverse, no proof that there is no CDW,
since the energy but also amplitude of the mode can be small and therefore out of
the detectable range.

4Soft modes are general phenomena and occur not only for Peierls transitions but in many other
structural phase transitions as well [205]
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5.5 Influence of adsorbates

So far I have shown that all changes in the RAS and Raman spectra can be understood
in terms of the CDW driven phase transition. On the other hand the calculation
of these spectra based on the structural models can reproduce the measurements
reasonably well. Yet there is another strong argument in favour of the CDW model.
It was shown with RHEED studies by Ryjkov et al., that the (8×2) phase instantly
reverts to a (4×1) phase upon adsorption of submonolayers of In, Ga, Al or Ag.
Hence the (8×2) is unstable against perturbation of the surface. If the (8×2) is indeed
the thermodynamically most stable surface as claimed by the calculations, this can
hardly be understood.

The suppression of the phase transition was so far only seen by electron diffraction.
Optical experiments, although integrating over the whole surface, are more sensitive
to the local bond configuration than to long range surface order seen in electron
diffraction experiments. It is therefore very interesting to study the adsorption also
with optical techniques. Particularly it should be possible to distinguish whether
the reversion to the (4×1) symmetry is caused by the pinning of the CDW at the
adsorbate positions and distortion of the long range order, or whether the formation
of the CDW is completely prevented. In the first case optical techniques should see
no significant change in the spectral response, since the local symmetry will still be
that of the (8×2) or (4×2). If instead there is a complete suppression of the CDW the
optical response will also revert back to that of the (4×1) surface.

In adsorption

Several adsorbates were investigated to test the mechanisms of adsorbate – surface
interactions. In order to compare the optical results to those of the RHEED study by
Ryjkov et al. [206], adsorption of In was investigated first. In Fig. 5.24 the spectra
of the (8×2) phase at 40 K is shown together with the one at the same temperature
after additional deposition of 0.08±0.03 ML indium5. The adsorbed indium causes
characteristic features of the (8×2) phase – the structure at 0.7 eV and the splitting
of the 2 eV minimum – to disappear. Also smaller features such as the shoulders
at 1.4 eV and 1.08 eV are quenched. Surprisingly the broad positive structure in the
infrared remains. Since this structure is not present in a clean (4×1) spectrum it is
obvious that this surface is different from the clean (4×1), although LEED images
show the same (4×1) pattern. I will therefore label the (4×1) surface with additional
adsorbates “stabilised (4×1)” and the initially prepared (4×1) surface “clean (4×1)”.
The changes of RAS spectra upon adsorption are again best seen by plotting the
difference of two spectra (δRAS).

Assuming the (8×2) is caused by a structural phase transition there was the
possibility that additional In deposition will have different effects on a clean (4×1)
than on the (8×2) since, with a modified geometry, adsorption sites might differ. In
order to test this In was also deposited onto a clean (4×1) at temperatures above
the transition temperature. In Fig. 5.25 RAS spectra for deposition of 0.04±0.02 ML
indium at 150 K onto the (4×1) surface are shown. The most prominent change is the
broad structure in the infrared as it was already seen for the low temperature (8×2)

5Details about the determination of submonolayer coverage of In can be found in the appendix A.1
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Figure 5.24: RAS spectra of the indium terminated Si(111) surface at 40 K before
and after quenching of the (8×2) phase by additional adsorption of
0.08±0.03 ML indium. In the right part the difference of both spectra is
shown.
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Figure 5.25: RAS spectra of the indium terminated Si(111) surface at 150 K be-
fore and after changes of the (4×1) phase by additional adsorption of
0.04±0.02 ML indium.
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Figure 5.26: RAS spectra of a Si(111)-(4×1):In surface quenched with additional
0.02 ML In. The surface is shown above the transition temperature and
below. The small differences can be explained by temperature induced
shifts only – a phase transition does not occur for this surface.

phase and its indium stabilised surface in Fig. 5.25. There are also minor changes
around 2 eV. The large anisotropy in that range is not quenched homogeneously, but
at 1.47 eV and 1.88 eV structures in the δRAS spectra appear. This is an indication
that defined states are affected by the adsorbed indium. As already discussed above
the minimum structure around 2 eV cannot be explained as a single surface state
transition. Adsorption leads to rather well defined changes, meaning that certain
states involved in the 2 eV minimum are changed but the majority not. In what way
these states are involved in the phase transition remains to be seen. In Fig. 5.26 it can
be seen that the surface shown in Fig. 5.25 does not undergo a phase transition upon
cooling below the transition temperature. All occurring changes in the spectrum
are consistent with the usual blue shift and increase in amplitudes of optical spectra
upon cooling.

As we have seen in section 5.1.2 during the initial preparation of the In chains
around 450◦C additional indium slowly desorbs or is otherwise incorporated into the
original (4×1) structure. During the preparation the RAS amplitude still improves if
the samples are kept at 300◦C. The question therefore arises, whether the additional
indium adsorbed at low temperatures can be either selectively desorbed or incorpo-
rated in the normal chain if such samples are annealed, thus leading to a “healing” of
the surface. In Fig. 5.27 RAS spectra are shown of samples with additional 0.04 ML
In before and after they were heated gradually to about 400◦C. The total annealing
time was about 5 min. Since the observed changes are small in comparison to the
one shown for the low temperature measurements and the signal to noise ratio is
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Figure 5.27: RAS spectra of a stabilised Si(111)-(4×1):In, before and after annealing.
The annealing of such samples partly reverts the changes introduced by
the additional In. The obvious conclusion is that the adsorbate can be
selectively removed at 600 K.

higher, the spectra of three similar measurements were averaged. As one can see in
the differences of the spectra before and after such annealing processes, the changes
originally introduced by the additional In (see Fig. 5.25) can be partly undone. The
anisotropy in the infrared can be reduced and the two shoulders reappear, though
red shifted due to the temperature difference. Nevertheless the changes are not as
pronounced as those during the stabilisation of the surface with additional indium.
An annealing at higher temperatures was not performed, since it is already known
from the preparation of the surfaces that indium within the chains starts to desorb
above 450◦C. Hence the (4×1) structure would be destroyed by such a heat treatment.

Since a reverting of the changes introduced by the quenching of the surface
occurs, one question arises immediately: will the annealed surface undergo the
phase transition again? To test this, one of the annealed surfaces was again cooled
below the transition temperature. In Fig. 5.28 the result is shown. Indeed such a
surface shows all features associated with the phase transition. In comparison to the
changes observed with clean surfaces (see Fig. 5.9) the structures in the IR region,
are less pronounced. In the visible range the difference spectra shows a mixture of
the changes introduced by the phase transition at 1.4 and 2 eV and a broad structure
at 1.8 eV because the overall anisotropy signal from the annealed samples is smaller
than that of the original clean surface. Since RAS is a linear technique this just means
that a smaller part of the surface is (4×1) reconstructed and an even smaller part
is undergoing the phase transition. This shows clearly that the samples can only
be partly recovered. Assuming the spectra of the clean surface represents a surface
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Figure 5.28: RAS spectra of a recovered Si(111)-In:(4×1) surface at 60 K. The clean
surface spectra for the (4×1) and (8×2) and their difference are shown
for comparison. For the recovered sample δRAS is smaller in the IR
but similar in amplitude in the visible range. This can be explained if
δRAS is influenced by two different aspects: First only parts undergo
the phase transition (≈ 60%) and second the overall RAS amplitude is
smaller, since the surface is only partly (4×1) reconstructed (≈ 85%).

which is not only fully single domain (4×1) reconstructed but also fully undergoes
the phase transition, one can even quantify the changes within the annealed samples
by analysing the RAS amplitudes in Fig. 5.28. In the IR, where the spectra of the (4×1)
surface is flat one only sees about 60% of the changes as for the clean (8×2) surface.
If one now tries to deconvolve the changes in the visible range one can determine
in which way the overall surface quality is poorer for the annealed samples. By
subtracting the δRAS of the clean (8×2) and (4×1) surface (A), scaled by 0.6 to account
for the fact that only parts of the surface undergoes the phase transition, from the
δRAS of the annealed sample (B) one can see that the residue (δδRAS) resembles
the spectra of the clean (4×1) spectra – though with a much smaller amplitude.
From this residue one can approximate the amount of the surface which is not (4×1)
reconstructed anymore. The reduction in the overall amplitude between 1 and 1.8 eV
to 9.8×10−3 compared to the clean surface (11.5×10−3) shows that only 85% ± 5% are
still (4×1) reconstructed after the annealing. The surface area which shows the (8×2)
reconstruction at low temperatures is with only 60% even smaller.

Within this section I have shown the influence of additional indium to the RAS
spectra of the Si(111)-In:(4×1) surface. Before I can discuss the underlying mecha-
nisms of the observed changes the influence of other adsorbates has to be investigated
as well.
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Caesium adsorption

We have seen that additionally adsorbed indium can suppress the phase transition of
the Si(111)-In:(4×1) surface. In order to get more information about the mechanism
of this change in the surface and therefore additional information about the phase
transition the adsorption of other materials was investigated.

Caesium was chosen as a test case for several reasons. Because of its size the cae-
sium atom is believed to stick only on the surface without segregating into the chains
or sub-surface layers. Additionally caesium could provide a doping mechanism into
the indium-chains by transferring its valence electron.

As we have already seen for the additional indium adsorption, the differences
between a surface which will undergo the phase transition and a clean surface can be
already seen at room temperature. Since the characteristics of the caesium evapora-
tor for room temperature deposition was very well known by the studies of Cs-wire
formation on III-V surfaces (see section 6.1.2) it was the only case where the ac-
tual amount of adsorbed material was known exactly even for the submonolayer
coverages (see also appendix A.1.

In Fig. 5.29 the RAS spectra of a clean surface and a surface with 0.1 ML Cs
are shown. Similar to the case of additional indium the most dominant change is
the reduction of RAS intensity at the 2 eV minimum. By cooling this surface to
temperatures below the phase transition temperature, two things become clear. First
even at 60 K there is no indication of spectral features associated with the (8×2) phase
– the transition is suppressed again. On the other hand the differences between the
clean surface become clearer than in the room temperature spectra. In Fig. 5.30 a
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Figure 5.29: Room Temperature RAS spectra of 0.1 ML Cs adsorbed on the Si(111)-
In:(4×1) surface
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Figure 5.30: Low Temperature RAS spectra of 0.1 ML Cs adsorbed on the Si(111)-
In:(4×1) surface

comparison of the clean Si(111)-In:(4×1) surface at 140 K and the Si(111)-In:(4×1)+Cs
surface at 60 K is shown. It can be seen that again the fine structure of the large
minimum structure is changed by the adsorbate and the anisotropy in the IR range
is increased. Though in contrast to additional indium adsorption the increase in the
IR is less pronounced.

In this section I have shown that the changes of the Si(111)-In:(4×1) introduced
by additional Cs are very similar to the ones by indium as shown in the previous
section. As one will see later the small differences between the In and Cs induced
changes can provide a rather defined model of the adsorbate induced changes and
also the phase transition of the clean surface. Before this will be discussed in more
detail the results of another adsorption study is shown first.

Sodium adsorption

One of the few adsorption studies of other atoms other than indium or silver con-
cerned the alkaline metal sodium. It was thought that by alkaline adsorption the
electronic properties of the In chains can be deliberately changed. The alkaline atom
was believed to give its electron to the chain, leading to an effective doping of the
chain. In STM studies at room temperature by Lee et al. [207] it could be shown that
at low Na coverages certain parts of the chains show the “×2” periodicity which was
known for the low temperature state. At coverages of 0.4 ML they reported a weak
but fully developed (4×2) LEED pattern of that surface at room temperature. This
was explained by a pinning of the CDW between two adsorbed Na atoms in the low
coverage range a complete stabilisation of the (4×2) phase for higher coverages. It
was later proposed that this (4×2) surface is fundamentally different from the CDW
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Figure 5.31: Room temperature deposition of 0.1-0.2 ML Na on top of the Si(111)-
In:(4×1) surface. In contrast to the adsorption of In changes occur in the
whole range of the minima structure (1.3 – 2.1 eV). Similar to In adsorp-
tion an increase in the IR range was observed, though less pronounced.

induced one discussed above but is instead a Na induced reconstruction. With DFT-
GGA calculations by Cho et al. [208] it was shown that indeed a Na induced (4×2)
reconstruction can be thermodynamically favourable. Since 0.4 ML corresponds to 4
Na atoms per (4×1) unit cell the latter explanation seems more likely.

Since the differences in the RAS spectra upon the phase transition were found to
be very pronounced and by close examination of δRAS spectra one can even quantify
the surface proportion which undergoes the phase transition, RAS measurements
were done during adsorption of sodium, similar as the ones shown for indium and
caesium adsorption. In Fig. 5.31 the room temperature spectra of a surface before and
after Na deposition are shown. The exact amount of Na was not known, since the
evaporation rate of the Na dispenser could not be fully calibrated as it was done for
the caesium dispenser (see appendix A.1), though by an evaluation of the quenching
of the 2 eV minimum a coverage between 0.1 and 0.2 ML is estimated.

It is obvious that the structures earlier related to the phase transition (maximum
at 0.7 eV, doubling of the 2 eV minimum) are not found. It is therefore unlikely that
the proposed stabilisation of the CDW at room temperature can be achieved with
sodium adsorbates. Even at low temperatures no indication of the phase transition
is observed, showing that instead of pinning the CDW sodium does also prevent
the phase transition in the same way as indium or caesium. In Fig. 5.32 the low
temperature spectra of the clean and a surface with additional adsorbed sodium
is shown. No doubling of the 2 eV structure or the additional peak at 0.7 eV was
found – the phase transition is, again, not occurring. Surprisingly the differences to
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Figure 5.32: Low temperature spectra of 0.3 ML Na on top of the Si(111)-In:(4×1)
surface. The spectrum is compared to a low temperature spectrum of a
clean surface. The difference of the two spectra is more pronounced but
not significantly different to the room temperature difference (thin line).
No obvious indication of a phase transition was found for this surface.

the clean surface were found to be larger than expected from the room temperature
data. Further analysis showed this to be an artifact, produced by an inhomogeneous
sodium evaporation. Upon cooling, the manipulator bends and a different sample
area is probed as for the room temperature spectrum. In Fig. 5.33 a set of spectra is
shown, where the Na coverage is increased until saturation at room temperature. At
high coverages the minimum structure is increasingly blue shifted and is almost not
found for the saturated surface. The low temperature measurements in Fig. 5.32 is
consistent with room temperature spectra of higher coverage.

The changes for the lowest coverage at room temperature are the ones most
important for the discussion of the nature of the phase transition. The adsorption
leads to a defined change in the 2 eV minimum structure as was observed for In and
Cs as well. In the IR region a broad structure arises, though less pronounced than
for indium.

Comparison of adsorbate induced changes

As seen so far all adsorbates investigated here prevent the phase transition of the
Si(111)-In:(4×1) surface. In contrast to the earlier RHEED study by Ryjkov et al. [206]
the study of the reflectance anisotropy also provides information of changes in the
electronic properties of the surface upon the adsorption. If one compares the changes
of the RAS signal for adsorption of Na, Cs and In as shown in Fig. 5.34, two structures
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Figure 5.33: Comparison of low Na coverages with a Na saturated surface. The
δRAS spectra were scaled by the given factors to show the initial change
at 1.5 eV more clearly.

are noteworthy. First although the amount of adsorbate is comparable in the case of In
and Cs, the RAS spectra and also the changes in comparison to a clean surface (δRAS)
are different in the IR regime. In contrast to that the changes in the visible spectral
range are very similar. In all cases the line shape of the broad minimum structure is
changed. The shoulder around 1.5 eV and the RAS amplitude of the main structure
at 1.9 eV is reduced upon addition of any adsorbate. As already described in 5.3.1
there are several surface state transitions involved in this minimum structure. The
fact that all adsorbates used here introduce a similar change can be explained if the
adsorption site is similar for all the substrates. The characteristic reduction of the
RAS amplitude at 1.5 eV and 1.9 eV occurs already at an adsorbate coverage of 0.05 -
0.1 ML. With 6 atoms per unit cell in the case of the (4×1) surface this means that on
average, at every 2nd or 3rd unit cell, an additional adsorbate atom is placed. This
is already enough to change the RAS spectra at these two critical energies. If the
adsorbate coverage is further increased the whole 2 eV RAS structure is quenched as
expected if it originates from surface state transitions between localised states.

This behaviour is an indication that at least one of the states involved in the
anisotropic transitions measured at 1.5 eV and 1.9 eV is not localised at a specific
atom or bond. If that would be the case the structure should not be completely
quenched if only half the surface unit cells are changed at all. Therefore a non-
localised state must be involved. Unfortunately only calculations of the whole RAS
spectra exists so far. A deconvolution of the spectrum into the transitions between
selected individual states was not done so far. Such calculations can be useful to
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Figure 5.34: Comparison of low temperature RAS Spectra of the Si(111)-In:(4×1)
surface quenched with different adsorbates (additional 0.08 ML indium,
0.1 ML caesium, 0.3 ML sodium)

correlate certain structures in the RAS to certain atoms or dimers within the real
space surface structure as was shown for the InP surface by Schmidt et al. [190]. In
the case of the Si(111)-In:(4×1) structure such an analysis can help to identify the
states mostly changed by the adsorbates and possibly clarify in which way they
relate to the suppression of the CDW.

What can be said is that all adsorbates do change the structure in a way that the
phase transition is prevented. The fact that the RAS changes most prominently at
1.4 and 1.9 eV – exactly the range where also the main changes during the phase
transition occurs, suggests that the geometry or certain electronic states differ for the
room temperature clean (4×1) and the stabilised (4×1) reconstruction.

The response in the IR does vary significantly depending on the type of adsorbate
even though the phase transition is always prevented. The IR anisotropy is therefore
not directly related to the presence or suppression of the CDW. If this IR response
originates from free carriers and if it is changed due to a doping by the adsorbate,
this also shows that the doping itself does not directly prevent the phase transition
by changing the Fermi level. Two possible scenarios remain – either the adsorbates
act as scattering centres for the CDW, which can therefore not be established if the
number of scattering centres is large enough. The other is that the adsorption site is
similar for all adsorbates and it is directly changing the electronic states or vibrations
needed for the formation of the CDW.
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5.6 Model of the phase transition of Si(111)-In:(4×1)

Although there are still open questions as to how the different measurements and
calculations can be put into a conclusive model I will describe one possible scenario
in the next sections. First I would like to summarise the available information:

• The Si(111)-In:(4×1) undergoes a reversible phase transition around 110 K into
the low temperature Si(111)-In:(8×2) phase.

• In contrast to the RT phase the low temperature phase is found to be semicon-
ducting with a gap opening between 100 and 200 meV [47, 164, 182]

• STM measurements show that individual chains undergo the phase transition
separately, the main feature being a doubling of the periodicity along the chain
direction (→×2) [47]

• It was recently shown by STM that there can be a diffuse phase boundary of
the ×2 bulges within one chain at low temperatures, which is moving along the
chain [209]

• GIXRD shows changes in the atomic position along the chains leading to a
doubling of the unit cell perpendicular to the chain direction (→ 8×) [48]

• RHEED and LEED measurements confirm the (8×“2”) symmetry of the LT
surface

• The low temperature phase is unstable against perturbation of the surface by
any kind of adsorbate [206].

• The measured anisotropies in the optical transitions between electronic states
as well as the surface vibrational modes of both phases can be consistently
explained by band backfolding due to a CDW formation accompanied with a
periodic lattice distortion.

• The measured anisotropies in the optical transitions and the surface vibrational
modes can be equally well described with DFT-LDA calculations based on two
structurally different surfaces. The Si(111)-In:(8×2) is the thermodynamically
most stable model – though it is generally found to be metallic [46, 165, 176].
(There are two recent calculations showing an electronic gap even for a (8×2)
and slightly different atomic positions [166, 185].)

• The resonance of the surface phonons indicate a strong electron-phonon cou-
pling.

• The narrow surface phonon modes found for the room temperature phase
contradict the alternative model of a disorder–order transition.

• The Peierls instability and CDW formation is theoretically connected to a strong
electron-phonon interaction. This interaction is not included in the DFT calcu-
lations.
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The sensitivity to adsorbates, the fact that the ×2 seems to form only within one
chain and the occurrence of moving phase boundaries within individual chains
strongly supports that a collective electron mode – the CDW – is responsible for the
phase transition. The observed changes in the atomic position is no contradiction of
the CDW model, since due to the electron-phonon interaction a lattice distortion is
expected.

It remains to be solved why the calculation predicts a more stable (8×2) surface.
Since DFT is a ground state theory this should not be surprising. The ground state
of the system at low temperature is also observed to be (8×2). Assuming the (4×1)
model is correct and the good agreement of the calculated bandstructure with the
ARPES measurements as well as the good agreement with calculations and the RAS
measurements suggests this, almost any small distortion of the lattice which doubles
the periodicity along the chains will result in a surface with lower energy. This is
basically Peierls’ argument why the 1D case should be unstable. The energy gain
occurs due to the gap opening at the former crossing of the Fermi level (see 2.3). Hence
the minimisation of total energy should lead to a surface as observed in the Peierls
state below the phase transition. The calculated (8×2) surface therefore corresponds
to the Peierls state, the calculated (4×1) to the state above the phase transition.

Using this basic assumption most details in the measurements can be explained.
The 8× order originates from an inter-chain coupling. Such coupling mechanisms
were already discussed for 1D-CDW found in bulk samples of NbSe3 or K0.3MoO3
[210]. The most simple interaction is an out of phase coupling between two chains,
which minimises the Coulomb interaction of the charge maxima of the CDW. In the
case of the Si(111)-In:(4×1) surface this would lead to a 8× symmetry – as observed.
The inter-chain interaction was found to be generally weak for CDWs in bulk samples.
For the indium wires the distance between individual chains is smaller than for any of
the metal trichalcogenides or MoO3 based blue bronzes. Any coupling mechanisms
should therefore also be more important.

With the model proposed so far, the changes in the optical response upon the
phase transition can be completely explained by the backfolding of the bands. It
was already discussed for RAS how this can explain the spectra. In the case of
the Raman measurements the situation is more complex. First, because there are
so many modes and second, since the phonon dispersion is not known. Currently
it cannot be analysed whether and how the new modes in the (8×2) phase can be
related to the original ones of the (4×1) phase. However the principal agreement of
the phonon energies of the In-In modes with the calculations is a good indication
– again assuming the calculations for the low temperature phase correspond to the
Peierls state.

So far the dynamics of the changes upon the phase transitions have not been
addressed. By a simple exponential fit of the changes in the RAS amplitudes a
characteristic temperature range of the phase transition of∆T = 17 K was found. How
this might be related to the coherence length of the CDW is not clear. Calculations of
the dynamics of the CDW are so far not done in the case of the indium wires.

A more general discussion on CDW dynamics and the dynamics of the phase
transitions can be found in the book “Charge density waves in solids” [49] and for
instance in [211]. It was shown there that the measurements of CDW related peaks in
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X-ray diffraction patterns can be understood and, for instance the width of such peaks
can be related to the coherence length of the CDW. In the case of the indium wires
a detailed analysis of the electron diffraction pattern could give similar information.
The resolution of the LEED system used here was not good enough to perform such
studies. With the, by now, very advanced spot profiling LEED systems (SPA-LEED)
such studies may become possible in the future. The width of the ×2 streaks could
provide direct information about the coherence of the CDW and also inter-chain
interactions might be evaluated by distortions in the ×2 line or the width of the 8×
spots.

Other measurements which could improve the understanding are adsorption
studies for coverages much below the ones reported here, where effects of CDW
pinning may be observable by STM or SPA-LEED.

5.6.1 The free electron response of the Si(111)-In:(4×1) surface

So far the changes in the optical response upon the phase transition and for the ad-
sorption of In, Cs and Na were mostly discussed in terms of the interband transitions.
In chapter 4 it was extensively discussed that intraband transitions, the so called free
electron response, can also contribute to the RAS. A discussion of the indium wires
was omitted at that point, since the RAS spectra are clearly dominated by interband
transitions. However in this chapter we have seen that for the low temperature
Si(111)-In:(8×2), the In stabilised (4×1) as well as for higher Na and Cs coverages, a
broad structure in the infrared RAS occurred. It is possible that these structures do
arise from quasi-free electrons.

Recently a calculation of the bandstructure for the Si(111)-In:(4×1) and (8×2)
surface was analysed in detail with respect to the properties of the surface metallic
bands [161]. An effective mass but also plasma frequencies were calculated for
both surfaces. If one uses these calculated values for ωp,x, ωp,y and the scattering
rate ωτ of 1 eV as given in [161], the free electron RAS response can be calculated.
In Fig. 5.35 the result of this calculation, using a reasonable thickness d of 2 Å, is
shown and compared to measured RAS spectra. In the measurements the broad IR
structure does not occur for the clean Si(111)-In:(4×1) surface but appears for the
low temperature phase and adsorbate stabilised surfaces. This is in clear contrast to
the calculation by López-Lozano et al., where the plasma frequencies ωp,x, ωp,y, their
difference and therefore also the RAS signal is larger for the (4×1) phase.

However the calculation so far always assumed an isotropic scattering rate ωτ of
1 eV. By calculations within the DFT-LDA framework the dynamic properties such
as the average scattering rate cannot be determined. Nevertheless the STM images
in Fig. 5.1 already suggest that any scattering mechanisms and therefore also the
scattering rate ωτ should not only differ between the two phases but also between x
and y. For larger wires such as Sn/InAs one has seen in chapter 4 that the free electron
response can only be properly fitted ifωτ is considered to be anisotropic as well. Such
a fit was already shown for the (4×1) surface in Fig. 4.10. By using all available infor-
mation such as the ratio between the effective mass along and perpendicular to the
chains [160] or ωτ,x as derived from DC conductance measurements [148], the num-
ber of free parameters can be reduced. Additionally only the energy region below
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Figure 5.35: Comparison of the simulated free electron optical response and the mea-
surement for the (4×1) and (8×2) phase. A depth of the anisotropic sur-
face layer of 0.2 nm was assumed. ωp,x, ωp,y and the suggested isotropic
ωτ were taken from López-Lozano et al.. The RAS was calculated as
described in section 3.3.3.

1 eV and above 5 eV is considered to exclude the region of the interband transitions.
Figure 5.36 shows such fits for both the (4×1) and (8×2) surface. In the case of the
(4×1) surface the DC value calculated from the measured conductance anisotropy is
given by a grey box for comparison [148]. In order to explain the larger IR anisotropy
for the low temperature phase one has to either consider larger values of ωp or lower
values of ωτ. The curve in Fig. 5.36 shows a fit with larger ωp. To reproduce the RAS
line shape it is furthermore necessary to assume a larger anisotropy in ωτ. These fits
can only be used as examples that the line shape can be understood in terms of a free
electron response. The spectral region without significant interband transitions is to
small for reliable fits and a physical interpretation of the results.

Nevertheless an anisotropic free electron response or intraband transitions as it
should be better called in the case of the semiconducting low temperature phase can
explain the different broad IR response for (4×1), (8×2) and all the different adsorbate
stabilised (4×1) surface. The electron density and effective masses (hence ωp) as well
as the mean free path of an electron (henceωτ) does vary for all the surfaces resulting
in different amplitudes of the IR response.

For the case of the low temperature (8×2) surface the strong IR anisotropy would
contradict at first glance the fact that the surface was found to be semiconducting as
was confirmed by STS or ARPES measurement [164, 182] and the DC conductance
drops upon the phase transition [149]. Nevertheless one has to stress the point that
not the conductance itself but a conductance anisotropy is measured in RAS. Second
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Figure 5.36: Fit of the free electron response with an anisotropicωτ and fixed ratios of
ωp,x/ωp,y = 1.5 = ωτ,y/ωτ,x and d=2 Å for the (4×1) surface. The broad IR
anisotropy for the (8×2) phase can only be explained by a considerably
more anisotropicωτ and a largerωp. This does not necessarily mean that
the DC anisotropy will be larger as well as is depicted with the dashed
line showing a possible line shape assuming a Peierls gap of 0.1-0.2 eV
(see text).

there is the possibility that in the energy region of the Peierls gap ∆Ep reported
between 0.1 and 0.2 eV, the RAS and also the conductance drops. This was already
seen in reflectance measurements of bulk quasi one-dimensional structures such as
K0.3MoO3 [212]. A calculation in [213] shows that above 2∆Ep the conductivity can
be single particle like again, hence showing the Drude tail. In the case of the Si(111)-
In:(8×2) surface this is expected at 0.1-0.4 eV just outside the spectral range of the
setup. In Fig. 5.36 such a possible line shape is depicted with the dashed curve.

So far the explanation of the broad IR structures as a free electron contribution
remains speculative, though in agreement with the limited measurements. A further
extension of the RAS into the IR may solve this issue since the energetic region for
the fits would be improved or in the case of the (8×2) phase the Peierls gap might be
seen directly.
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5.7 Concluding remarks

In this chapter it was shown how the formation of a charge density wave can be
seen in optical spectra for atomic nanowires on surfaces. The backfolding of the
bands leads to characteristic changes in the measured spectra. Details as to whether
new structures arise, changes in amplitude occur or existing structures are shifted
in energy or even split into two, depend on the electronic surface bandstructure in
the case of RAS spectra and the surface phonon dispersion in the case of the Raman
spectra. It was shown for the particular system of indium wires on Si(111) that the
surface phase transition can be optically monitored and that additional perturbation
of the system by adsorbates prevent the phase transition – again the changes in the
electronic transitions can be seen by RAS.

Whether RAS is able to measure the changes of the conductivity upon the phase
transition is not as clear. In the spectral range above 0.5 eV there is only an indication
that this is the case. The spectral range needs to be considerably enhanced. One
approach would be to use an FTIR-ellipsometer [94], providing the signals from
the surface layer are large enough. In [213] it was predicted, that upon the phase
transition the optical conductance is decreased drastically in the region of the Peierls
gap. In the case of the indium nanowires the Peierls gap is supposed to be around
100 to 200 meV. To directly observe this with optical techniques, the available spectral
range must be below 300 meV (2400 cm-1). With conventional RAS setups this is not
possible.

For the system discussed here, it was not as clear whether the phase transition is
caused by the Peierls instability of the one-dimensional metallic surface state. For
other one-dimensional conductors this is not questioned. For a further understand-
ing of the Si(111)-In:(4×1) surface it would be useful to compare the RAS and Raman
spectra – and the changes upon the phase transition – with other one-dimensional
systems where a CDW formation is discussed or confirmed. Particularly a compari-
son to the bulk anisotropic inorganic compounds (transition metal trichalcogenides,
pentachalcogenides or molybdenum blue bronzes [214]) where numerous other mea-
surements exist and for instance CDW correlation lengths are known for all tempera-
tures, will be helpful in interpreting the measurements in the case of the indium wires.
A second class of systems which should be investigated in a similar way are other
anisotropic surfaces such as the Si(111)-(K,Na,Li,Ag):(3×1) and Si(111)-Au:(5×2). For
all these structures surface phase transitions are found and discussed also in terms
of possible Peierls instabilities [4, 25, 26, 29, 215]. In some cases such as the system
of gold on silicon the inter chain distance can even be tailored by varying the sample
offcut [17].
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6. Mott-Hubbard correlated systems

In the last chapter the optical response of a quasi 1D metallic system with strong
electron-phonon coupling was discussed. The metal-insulator transition was driven
by a charge density wave and occurred at a temperature defined by the energetic gain
upon the formation of the insulating phase. It was discussed in detail in chapter 2.4.3
that there is another interaction which can drive a metal insulator transition – the
electron-electron interaction. Formulated by Mott it was shown that if the electron
density is lowered below a critical density, it is energetically more favourable to
form an insulating material [52]. The so called Mott-Hubbard transition was able to
explain the insulating behaviour of liquid alkaline metals, where the solid phase is
metallic. By showing that due to the increased atomic distances at high temperatures,
the electron distances are sufficiently enlarged to force the Mott-Hubbard transition
this behaviour was explained. In contrast to Peierls unstable systems discussed in the
previous chapter the Mott insulator does not revert to the metallic state at elevated
temperatures.

For alkaline wires, which can be prepared on different III-V(110) surfaces the Mott-
Hubbard mechanism was also discussed to explain the semiconducting nature, since
the distance between adsorbed Cs atoms depends on the substrate lattice constant
and is larger than in the bulk metal. It was shown in 1989 that caesium adsorption
at room temperature leads to the formation of wire-like structures on the GaAs(110)
surface [216, 217]. Later similar structures were also found on InAs(110) and InSb(110)
surfaces [218, 219].

From STM (scanning tunnelling microscopy) studies one knows that on all the

0.03 ML Cs on GaAs, 137×137 nm 0.2 ML Cs on InAs, 20×20 nm

Figure 6.1: STM images of Cs wires on GaAs(110) (left, taken form [217]) and
InAs(110) (right, taken from [218]). On both surfaces isolated Cs wires
form for room temperature deposition and submonolayer coverage.
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III–V(110) cleaved (1×1) surfaces Cs forms isolated wires along the [110] direction at
small coverages (< 0.3 ML). In the coverage region around 0.3 ML (GaAs), Cs forms
a closed two dimensional adlayer. For InAs and InSb this 2D phase is completed at
a coverage of 0.5 ML, which is one Cs atom per III–V(110) unit cell. At even higher
coverages deposition of Cs at room temperature leads to the formation of a second
Cs layer which shows no local order. It is therefore often called the 3D disordered
layer or Cs bi-layer.

Both the 1D and 2D Cs covered surfaces were found to be insulating by STS (scan-
ning tunnelling spectroscopy) and PES (photo emission spectroscopy) investigations
[67, 217]. In the case of the 2D closed layer this result was rather surprising since a
metallic surface was expected by using the electron counting rule. Several models for
this unusual behaviour were suggested namely that the surfaces are Mott-Hubbard
insulators or that bipolaron formation leads to a gap opening [4, 66, 67, 220, 221].
Therefore the caesium covered III–V(110) surfaces are not only ideal systems for
studying the formation of nanowires but can also be used to study the states of
correlated electrons of 1D and 2D Mott Hubbard insulators.

6.1 RAS of alkaline 1D and 2D structures

The method of choice for the analysis of the wire formation on III-V(110) surfaces
was again reflectance anisotropy spectroscopy. In contrast to the other systems
discussed so far, no response from the free electrons is expected. The structures
under discussion are semiconducting. An interesting subject is the determination
of the Mott-Hubbard gap in these wires, but it was unlikely from the beginning
that optical probes can provide information on that, since direct optical transitions
between the two collective electron states are dipole forbidden [52]. Nevertheless
RAS can give an insight to the wire-formation process itself. The main point will be
whether differences in the actual wire geometry, the 1D-2D structural transition and
finally also the 2D-3D structural transition can be analysed optically. The comparison
with wires on different III-V(110) surfaces will also help to understand in which way
observable changes in the RAS spectra originate from changes of the wire electronic
structure or of the near surface bulk region.

6.1.1 The RAS of the III-V(110) clean surfaces

In comparison to the structures discussed in the previous chapters the analysis of
the optical anisotropy of the nanowires is complicated by the fact that the surface on
which the metal is deposited itself is optically anisotropic. In the case of the larger tin
wires on InAs(110) the clean surface response was small compared to the anisotropy
of the wires. In the case of the indium wires on silicon (111) the substrate surface
itself was isotropic, hence the measured anisotropy was directly attributed to the wire.
For the caesium wires the situation is different. The wires occur at submonolayer
coverages – the unchanged surface region will therefore still contribute to the RAS. In
a first step I will therefore shortly review the optical anisotropy of the clean surface.
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The III-V(110), in particular the GaAs(110) surface, have long been studied with
RAS. One of the first RAS study by Berkovits et al. was measuring the optical
anisotropy of GaAs(110) [88]. In later years it became the test system in partic-
ular for theoretical approaches to calculate RAS spectra, either with tight-binding
calculations [222–224] and within ab-initio DFT theory [191, 192, 225, 226].

In the case of GaAs two prominent structures (at 2.5 and 2.7 eV), caused by surface
states below the E1 critical point, are observed (S in Fig. 6.2). Similar transitions be-
tween surface states in the case of InP and InAs are less evident at room temperature,
but clearly seen in low temperature spectra [227]. For the GaAs(110) another surface
related maximum structure nearly coincides with a minimum structure around the
E′0 which leads to an almost flat curve in the spectral region between 4 and 4.7 eV for
the clean surface. In the case of the InP(110) and InAs(110) these two structures are
separated.

Considering GaAs(110), InAs(110) and InP(110) the RAS spectral features evi-
dently common to all III–V(110) clean surfaces are: (i) maxima related to surface

∆
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Figure 6.2: (a) Comparison of the RAS spectra of clean III–V cleaved surfaces. The
(1×1) bulk truncated structure is characteristic for these surfaces and
also the RAS spectra are similar. Structures related to surface states are
labelled with S, structures due to surface to bulk transitions with an
arrow and the minimum below the E′0 bulk critical point with *. The
energies of the bulk critical points are marked with dotted lines and
taken from [228].
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state transitions below the E1 critical point (S in Fig. 6.2); (ii) maxima due to transi-
tions between surface states and bulk-like states in the energy range between the E1
and E2 bulk critical points (marked with arrows in Fig. 6.2); (iii) a minimum below
the E′0 bulk critical point (* in Fig. 6.2); and (iv) a maximum between the E′0 and E2.
Both transitions from surface to bulk and from bulk to bulk states contribute to (iv).

In some earlier measurements the large structure around 4.9 eV, 4.5 eV and 4.7 eV
for GaAs, InAs and InP respectively was not seen due to limitations in the spectral
range of the RAS setup [88, 222] Nevertheless calculations already predicted a strong
maximum in this energy region [192].

It remains to be seen in the following section how these clean spectra are modified
during the wire formation and in which way these changes are characteristic, since
the quenching of structures related to transitions involving true surface state are
expected to be reduced in any case – independent of the geometry formed by the
adsorbate.

6.1.2 Sample preparation

The samples were cleaved in UHV with a base pressure below 8×10−11 mbar. Cs was
evaporated from SAES Getter alkali dispensers without any significant pressure rise.
RAS and Auger spectra, as well as LEED images, were taken after each evaporation
step for the first experiments, in order to calibrate the adsorption and link certain RAS
spectra to their corresponding LEED images and Auger spectra. The coverage was
determined by Auger electron spectroscopy using a VG instruments LEED/Auger
system. The relative Auger intensity of the Cs NOO line at 47 eV to the substrate
Auger lines (As: LMM at 1230 eV, Ga: LMM at 1070 eV, In: MNN at 404 eV) saturates
upon completion of the 3D layer. It is already known that for room temperature
deposition, not more than one monolayer can be deposited [217]. In order to get
an approximation of the coverage, one can therefore normalise the relative Auger
intensities of Cs for each evaporation step with respect to the relative intensity at
saturation. The procedure is described in more detail in the appendix A.1.

Please note that there have been some differences in the literature concerning the
classification of one monolayer in the case of alkali adsorption. I use the definition
of one monolayer as the number of atoms on the clean III–V substrate surface. The
coverage calibration has to be done for each of the substrate material because the
sticking coefficient of Cs differs on the substrates investigated here. Since the evap-
oration rate for each Cs source is also slightly different, a re-calibration is necessary
for each individual dispenser. The details of this calibration process can be found in
A.1.

The RAS spectra itself were taken during Cs evaporation using a minimised Cs
flux without stopping for additional measurements in order to avoid any changes in
the spectra introduced by otherwise necessary optical readjustments.

6.1.3 Cs on GaAs(110)

GaAs(110) was the first material investigated, since it is the most studied system so
far. It was already known that wire formation occurs immediately after adsorption.
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For a coverage of 0.3 ML a 2D closed layer with a c(4×4) symmetry was found using
STM [217]. For even higher coverages a disordered second Cs layer forms. At the
saturation coverage of 1 ML the surface is metallic.

The RAS spectra of the clean GaAs(110) surface is shown in Fig. 6.2 and 6.3.
Upon Cs adsorption, structures related to surface states of the clean surface are
quenched. Already at 0.15 ML the features at 2.7 eV and 3.4 eV are not seen anymore.
The structure at 4.9 eV is quenched as well, though it can still be seen even at a
fully saturated surface. This feature therefore originates from transitions involving
surface states and transitions involving only perturbed bulk states. This conclusion is
consistent with a deconvolution of the calculated optical anisotropy where it is shown
that both bulk-bulk and bulk-surface transitions contribute to the large structure
[192, 223]. A similar interpretation has been recently proposed for the clean InAs(110)
surface [191].

Apart from changes of RAS structures of the clean surface upon Cs adsorption
a minimum at 1.9 eV evolves. Since the clean surface does not have a structure in
this energy region and no GaAs bulk critical point is near 2.0 eV this structure can be
directly attributed to the presence of Cs wires. In the coverage range below 0.1 ML
it was reported that a single zig-zag chain of Cs dominates the surface while above
that Cs triple chains are formed [216, 217]. So far RAS is not able to observe features
which could be directly related to such a change of wire geometry. In the coverage
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Figure 6.3: RAS spectra of the GaAs(110) surface with growing Cs coverage from
zero to 0.1 ML. The coverage difference between the individual spectra
is 0.02 ML. At these low coverages a minimum at 2 eV emerges, while
the clean surface structures related to electronic transitions involving
true surface states are quenched.
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region below 0.1 ML the wire related minimum structure is not pronounced enough
to observe possible differences due to the different wire types.

Another prominent change in the RAS spectra is the “inversion” of the small
maximum structure at 4.5 eV (around the GaAs E′0) into a minimum. Since this
structure is close to a bulk critical point of GaAs, it is not possible to interpret this
finding directly as new optical anisotropy within the evolving Cs chain. The nature
of this feature is better understood assuming the flat RAS line shape around the
GaAs E′0 is caused by the coinciding of the usual surface related maximum structure
below the E′0 and the minimum structure at the E′0, which originates from perturbed
bulk states. Upon adsorption of various materials (Cs, Sn, Sb) and the quenching of
surface states the minimum around the E′0 appears, since initially only the surface
related term is reduced upon adsorption. This would lead to the apparent inversion
of the line shape around E′0 (see Fig. 6.3 in the case of Cs adsorption but also Fig. 4.5
for Sn adsorption). As an alternative explanation for such a reversal of sign one
could consider strain [229], possibly modified upon Cs adsorption. However, since
from theoretical calculations it is expected that Cs introduces different strain fields for
GaAs and InAs [230], but similar changes are observed in RAS spectra challenges this
explanation. Moreover, additional strain should affect the anisotropies at all critical
points [229], while only changes around the E′0 bulk critical point are observed. It is
then not plausible that strain is responsible for the development of the RAS in this
spectral region.

Upon further Cs adsorption, exceeding 0.1 ML the amplitude of the wire related
minimum at 2 eV still increases, but it is accompanied with a gradual shift of the
structure to 1.75 eV at a coverage of 0.2 ML (Fig. 6.4). It was already reported that the
surface undergoes a structural transition into a c(4×4) reconstructed surface [217].
This shift can therefore be attributed to the formation of the closed 2D Cs layer.
The shift is gradual since RAS is sensitive to the local bonding configuration but
nevertheless integrates over the whole illuminated area of the sample. Parts of the
sample are already in the c(4×4) symmetry, while other parts still have wires. In
this transition regime, a linear combination of the structures related to wires (at 2 eV)
and to the c(4×4) phase (at 1.75 eV) results in a gradual shift of the minimum in the
intermediate coverage region. LEED images taken in this coverage range from 0.1
to 0.25 ML show a transition from a weak and streaky c(2×2) symmetry (wires) to
a (2×1) symmetry (closed layer) at 0.2 ML (see Fig. 6.5), though the closed 2D layer
was reported to be c(4×4) reconstructed [217]. The latter symmetry was derived
from STM images and might differ from the symmetry observed in LEED images.
For other systems, namely Li on GaAs(110) [231] and Cs on InAs(110) [232], a (2×1)
symmetry in LEED for the 2D closed layer was also recently reported. This strongly
supports the correlation between the changes in RAS and the variation of the surface
reconstruction upon the formation of the closed layer. At the moment, the slight
difference between these measurements and the STM data where the 2D closed layer
occurs (0.2 ML here, 0.3 ML in [219]) cannot be explained. Though a difference in
the calibration of coverage could be the origin, further STM/RAS experiments will be
needed clarify this point.
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Figure 6.4: With growing coverage (0.1 – 0.2 ML) the wire related RAS minimum is
shifted towards lower energies (to 1.75 eV) and broadened. The cover-
age difference between subsequent spectra is again 0.02 ML.

clean 0.1 ML 0.2 ML

Figure 6.5: LEED images taken at 150 eV electron energy showing the clean surface
(left), the streaky c(2×2) at 0.1 ML (middle) and the (2×1) symmetry at
0.2 ML (right). The inset always shows one (1×1) unit cell with enhanced
contrast.
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6.1.4 Cs on InAs(110)

The adsorption of Cs on the InAs(110) surface has already been studied by STM and
STS [217, 218]. Cs was found to form similar wire structures as on GaAs, although
certain peculiarities were reported. In STM images two different wires are visible,
distinguishable by their different widths (measured along a line perpendicular to the
wire axis) [218]. The ”narrow” type (single atom zig-zag chains along [110] direction)
occurs at coverages below 0.2 ML, while the ”broad” type (1D triple line of atoms
along [110]) appear above 0.2 ML. In contrast to GaAs(110), the formation of the 2D
phase found at 0.5 ML is not accompanied with a reordering of the Cs surface layer,
but consists of a closed package of the broader chain type. For larger coverages, a
disordered 3D phase similar to GaAs was found [218].

In Fig. 6.6 RAS spectra of the clean surface and spectra taken for the two wire
geometries are shown. Similar to GaAs the initial quenching of all structures related
to the clean surface (2.47, 3.15, 3.9 and 4.5 eV) is observed. The negative structure,
which develops at low coverages at about 1.5 eV, can, by analogy to GaAs, be related
to the presence of wires. This minimum is broadened to higher photon energy upon
reaching 0.3 ML. In this case, the two different line shapes of the minimum can be
attributed to the presence of two different Cs wires at the surface. Since above
0.3 ML – apart from the gradual quenching of the minimum below 2 eV – no further
variations are detected in this energy region, the RAS measurements confirm that
there is no difference in the local Cs geometry going from the broad wires to the 2D
layer. As for GaAs, an additional maximum develops at 3.75 eV for the closed 2D
layer.
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Figure 6.6: RAS spectra of different Cs coverages on the InAs(110) surface. The
spectra of the clean surface, 0.15 ML and 0.3 ML coverage are shown.
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6.2 Cs on InP(110)

Although no other experimental results for alkali adsorption on InP(110) exist so
far, one expects a similar Cs adsorption behaviour, since the atomic geometry and
electronic properties of the InP(110) surface are comparable to those of GaAs and
InAs [233]. Even bulk critical point energies of InP are similar to GaAs, though with
a smaller spin orbit splitting [228]

Upon the initial Cs adsorption as seen for GaAs and InAs, a minimum structure
below the E1 bulk critical point occurs. The minimum structure is more pronounced
than in the InAs or GaAs case. Above 0.2 ML a blue shift of the minimum structure
is observed.

If all RAS spectra are plotted in one graph by using a colour code (Fig. 6.8), it
can be easily seen that the shift of the minimum is a gradual transition from one
adsorbate configuration to another (indicated by the vertical lines in Fig. 6.8a). One
structure, leading to the minimum at 1.8 eV can be found from the early stages of
adsorption, but only up to 0.35 ML, while the other (minimum at 2.1 eV) occurs for
coverages above 0.1 ML and vanishes only on formation of the disordered 3D layer.
Although no experimental confirmation exists (e.g. STM), it is likely that a similar
transition from one wire type to another happens on InP(110) as on InAs.
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Figure 6.7: RAS spectra for initial Cs adsorption on InP(110): Similar to the case
of GaAs and InAs a minimum structure evolves upon Cs adsorption.
Above 0.2 ML the minimum is blue shifted as it was observed for InAs,
indicating the presence of a second wire geometry as is already con-
firmed for InAs.
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Figure 6.8: RAS colour plot of caesium adsorption on InP. The RAS signal is colour
coded (blue: -2, red: +6) and all spectra from the clean surface to
complete saturation are shown. The two coverages shown in Fig. 6.7
(0.2 and 0.3 ML) are marked with a horizontal line. If plotted this way
the two characteristic structures, which can be attributed to two different
wire geometries, can be easily seen. The minima marked as A occurs
for lower coverages. The second structure B appears above 0.2 ML and
at a complete surface coverage (0.5 ML) only the minimum B is found.

6.3 Comparative analysis of the wire regime

Generally upon adsorption of Cs the clean surface structures involving transitions
from or to surface states disappear. Structures at bulk critical points, even visible for
completely saturated or oxidised samples, remain. In all cases a minimum structure
at low energies can be directly attributed to the Cs wires. It is evident that the
energetic position of this minimum is substrate dependent (arrows in 6.9). It is
therefore unlikely that the minimum is caused by transitions between states localised
at the Cs-Cs bonds only, which are expected to be similar for all substrate materials
[230]. For GaAs the minimum is located at 2 eV, which is exactly in the same energy
region as a structure seen for Cs adsorption on GaAs(001) [234–236]. Although the
atomic configuration is different in that case, this suggests the involvement of states
localised at Cs-Ga or Cs-As bonds in the minima structure. The idea that such states
are responsible for the minima around 2 eV is also strongly supported by an early
combined photo emission and inverse photo emission study [237]. It was shown
that upon Cs adsorption on GaAs(110) new surface states evolve, but all of them are
above the conduction band minimum. Anisotropic transitions involving these states
will therefore occur above the fundamental band gap of GaAs of 1.45 eV.
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Figure 6.9: Comparison of the RAS spectra of Cs wires on III–V cleaved surfaces.
The characteristic feature is the minimum structure (arrows) above the
E0 + ∆0 bulk critical point.

Another possibility would be that strain, introduced by the Cs chains, modifies
bulk states and produces the characteristic anisotropies. This would be consistent
with the fact that the energetic position of the minimum scales with the bulk critical
points of the different substrates. This model is supported by the fact that other
adsorbates forming chains along the [110] direction (such as Sb) lead to a minimum
in the RAS around 2 eV as well [238, 239]. In Fig. 6.10 submonolayer coverages of Sb
on GaAs and Sn on InAs are compared to corresponding coverages of Cs. For the
case of Sn on InAs, where no wires are formed in this coverage region, no minimum
structure is found. In the case of Sb on GaAs, where a Sb zig-zag chain is formed a
similar minimum is found. This comparison would suggest that the formation of an
adsorbate zig-zag chain leads to a minimum structure above the E0 +∆0 bulk critical
point due to introduction of a strain field.

On the other hand it is hard to understand why strain should effect the RAS
spectra in a region away from bulk critical points. I think the second scenario of
surface states localised at adsorbate–group V or adsorbate–group III bonds contribute
is more likely. If the adsorbate forms a zig-zag chain the orientation of the bonds
will be always similar and if the involved states are closer to the group V or group
III atom the energetic difference can only vary slightly with adsorbate and is also
linked to the band structure of the substrate. In this picture it can also be understood
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Figure 6.10: Comparison of RAS spectra of Cs wires on GaAs(110) and InAs(110)
with other adsorbates. For Sb/GaAs(110) the formation of a zig-zag
chain was observed. In the RAS again a minimum structure is observed.
For the case of Sn/InAs a disordered (1×1) was found – the characteristic
minimum does not appear. The number of studied systems though is
at the moment too small to conclude that the minimum does occur for
every 1D adsorbate structure.

how other chain structures of Cs or Sb on GaAs(001) surface lead to similar minima
around 2 eV [234, 240].

Currently no final answer can be given concerning the origin of the minimum
structure itself. Either ab-initio calculations of these surfaces or additional measure-
ments are needed. One possible measurement to gain new insight in the origin of the
wire induced anisotropy would be an adsorption experiment with Na or K. On the
(110) surface it is known that K and Na form similar wires but strain the underlying
substrate in different ways than Cs [230].
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6.4 Structural transition towards a 3D metallic surface

For room temperature deposition, alkaline adsorption above 0.5 ML leads to the
formation of a disordered metallic surface, saturating at a coverage of about 1 ML.
This second Cs adlayer was always reported to be locally disordered and isotropic in
STM images [217]. One therefore expects a quenching of all RAS feature which were
attributed to the ordered 2D phase. The disorder is also seen in LEED images, where
one observes only a weak (1×1) pattern.

In Fig. 6.11 the development of the RAS spectra for the case of Cs adsorption
on GaAs(110) is shown. The quenching of RAS features related to the ordered
phase (minimum at 1.75 eV) is clearly observed. The reduction of the minimum
is accompanied with the development of a new structure at 4 eV. This structure is
already present in the spectra of the 2D ordered layer, though less intense. To prove
whether these structures originate from the Cs layer, the samples were oxidised at
ambient conditions for 5 min. The maxima at 4.0 eV and 2.6 eV and the remaining
minimum structure at 2 eV disappear completely upon oxidation (see Fig. 6.12),
while all the remaining anisotropies are close to the bulk critical points and are
therefore likely related to surface modified bulk states. These structures are always
present in the spectra independent of Cs coverage. The characteristic structures of
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Figure 6.11: RAS spectra of the caesium covered GaAs(110) surface upon saturation.
The minimum related to the two dimensional phase vanishes, while
the maximum at 4.0 eV gets more pronounced. The spectra were taken
during evaporation. The time difference between the individual spectra
was 30 min. Since the coverage is not linear with time in this region
there is no constant coverage difference between the spectra.
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Figure 6.12: Oxidation of the Cs/GaAs(110) saturated surface. By putting the satu-
rated surface into ambient conditions the Cs related anisotropies van-
ish. In the vicinity of bulk critical points anisotropies remain most likely
caused by strain in the near surface bulk layers.

the disordered metallic phase are therefore: (i) a remaining minimum, (ii) a shoulder
below the E1 bulk critical point and (iii) the broad maximum between the E1+∆1 and
E′0 bulk critical points. In Fig. 6.13 the spectra of the Cs saturated GaAs, InAs and InP
surface are shown. The characteristic structures (i,ii,iii) are seen for all substrates.

The second and more pronounced maximum (iii) at 4.0 eV for InP, 3.9 eV for
GaAs and 3.75 eV for InAs appears already in the 2D phase but is fully developed
at 1 ML when the second disordered Cs layer is completed. The question arises
whether this structure originates from anisotropic Cs-Cs or Cs-substrate bonds in
the interface layer, since it starts to evolve already for the 2D closed layer around
0.5 ML coverage. To remove the influence of the substrate reflectivity on the RAS
spectra on can calculate the surface dielectric anisotropy (SDA), which describes the
anisotropy in the dielectric tensor components directly (see 3.2.1). In Fig. 6.14 the
SDA is calculated for saturated GaAs, InAs and InP (110)-surfaces. The SDA for the
Cs disordered layer is very similar for all surfaces and can be described by only two
contributions. The oscillatory structures at the bulk critical points usually originate
from an uni-axial strained near-surface-layer and are quite well understood [229]. The
structure in this case can be explained in a simple model where the bulk dielectric
function is slightly shifted in energy for one direction. The SDA will then show the
characteristic derivative like structures at all critical point energies. Additionally
the changed surface electric field upon the formation of the metallic overlayer can
influence the RAS and SDA of the sample, since an electric field gradient at the
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Figure 6.13: Comparison of the fully saturated III–V (110) surfaces, the structures
related to the Cs-Cs or Cs-bulk bonds are marked with arrows. For all
surfaces a remaining minimum (i), a shoulder below the E1 critical point
(ii) and a broad maximum (iii) are found

surface layer can also produce an optical anisotropy [241, 242].
The second prominent structure in the SDA is a broad structure, which is centred

around 3 eV (see guide lines in Fig. 6.14) Being almost independent from the substrate,
it probably originates from Cs-Cs bonds between the first and the disordered second
Cs adlayer. However one cannot exclude the possibility that bulk like states are
involved, since they also vary only slightly in this energy region for the substrates
used in this study [228]. This scenario is be supported by recent results of Cs
adsorbed on the GaAs(001) surface where a structure at 4 eV has been explained
by transitions from bulk-like and surface states into states located in the Cs layer
[234]. An additional experiment with InSb(110) could clarify this assignment, since
for InSb the E1 bulk critical point is at lower energies than the E1 of GaAs, InAs and
InP.

Experimentally there is one strong indication that the broad structure originates
from the substrate-Cs interface. For Cs/GaAs(110) the structure is already fully
developed for the 2D closed surface while on InP and InAs it is clearly maximised
upon formation of the 3D disordered layer. If one assumes that states localised at the
caesium/substrate interface are involved, this might suggest that a rearrangement of
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Figure 6.14: Surface dielectric anisotropy of the metallic Cs overlayer (dotted), cal-
culated from the RAS spectra of Fig. 6.13 and the dielectric function of
the substrate material from [74]. All surfaces show oscillatory structures
around the bulk critical point and a broad structure around 3 eV (see the
solid guide to the eye).

the interface upon saturation occurs in the case of InAs and InP. It would be interesting
to have calculations of the formation energies of different interface geometries as
well as calculations of the optical anisotropy to explain these differences between the
substrates.

6.5 Concluding remarks

The wires of caesium atoms on III-V cleaved surface discussed in this chapter do not
show any anisotropic metallic properties as the other wires discussed in previous
chapters. However a one dimensional character in real space is clearly observed and
by electron counting (at least for the 2D closed layer) a metallic surface is expected
[67, 217]. The reason of the insulating behaviour of the Cs wires is so far not fully
understood. It is likely though that the lateral spacing of the caesium atoms and
therefore also the average electron distance are larger than the critical spacing d0 for
a Mott-Hubbard transition. The electronic band gap, which was measured by STS, is
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Figure 6.15: Infrared RAS measurements for the Cs/GaAs(110) system. The spectra
for the 1D regime as well as for the 2D regime do not show any structures
above the noise level. Hence RAS is unsuited to directly measure the
Mott-Hubbard gap.

for instance, in the case of Cs/GaAs with 1.1 eV for the 1D regime and 0.65 eV for the
2D regime, smaller than the clean surface band gap of 1.45 eV [217].

Figure 6.15 shows infrared RAS spectra in the region between 0.5 and 3 eV. No
structures are found in the RAS in the case of Cs wires or for closed 2D layers. At least
no structures above the noise level and uncertainty of the zero line (0.2×10−3). For a
geometrical anisotropic system optical transitions between the surface fundamental
gap are possible and can result in particularly strong RAS signals also in the infrared
(see for instance the Si(111)-(2×1) reconstructed surface [92] or the Si(111)-In:(8×2) in
section 5.3.1). For the fundamental gap of a Mott-Hubbard correlated system optical
transitions between the empty and occupied states are disallowed. Consequently
RAS should show no structures at these transition energies – and none are measured
(see Fig. 6.15).

Nevertheless the RAS spectra of the clean surfaces are changed in a characteristic
way upon the formation of the wires. Structures arising from transitions involving
true surface states of the clean surface are quenched with increasing coverage. This
behaviour though is unspecific regarding kind of adsorbate or whether wires are
formed.

What is characteristic is the formation of a minimum structure between the E0+∆0
and E1 bulk critical point. The changes in the line shape of this minimum can be
directly attributed to changes in the geometric structure of the Cs wires. Hence RAS
can be used to monitor the wire formation. So far no ab-initio calculation of the
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optical anisotropy or the bandstructure of these surfaces exist, therefore the origin
is only speculative. Since the bulk joint density of states is comparably small in this
spectral region it is likely that surface states or resonances located at the back bonds
are involved in this minimum structure.

For the broad positive structure which arises for all surfaces upon completion
of the 2D closed Cs layer and formation of the 3D disordered phase (see Fig. 6.14)
the same argument would suggest that Cs-Cs bonds in the still anisotropic interface
region contribute. Nevertheless this assignment is preliminary and awaits confir-
mation by calculations or additional measurements such as core level spectroscopy.
The RAS measurements with the disordered metallic overlayer also show that the
characteristic minimum structure of the wire regime (or 2D layer) though reduced is
not completely quenched. This is a promising sign that the interface geometry still
has similar characteristics as the original wire itself. For a technical implementation
of nanowires only some atoms wide, structures need to be protected by additional
layers. Whether the properties of the wires will be unaffected by such caps is in
doubt. With RAS it will be possible to test these effects of capping in more detail
since as is shown here, the uncapped as well as the capped wires can be measured
with the same technique.



7. Conclusions

In this work the optical properties of nanowires, composed of atoms which are metal-
lic in their bulk phase, were investigated. The measured structures itself varied not
only in material but also in size. Common to all was that the nanowires were formed
by a self organising process of the adsorbed metal atoms on clean semiconductor
surfaces.

It was shown that for the largest investigated wires (or better anisotropic is-
lands), effective media theories are sufficient to describe the optical anisotropy of
the nanowire with the properties of the bulk metal. This description fails for wires
with diameters smaller than 40 nm. Instead the optical anisotropy is dominated by
a free electron like response. It was shown that this response can be described by
anisotropies in the plasma frequency ωp and the scattering frequency ωτ and is di-
rectly related to the conductance anisotropy∆σ. For the two test systems Sn/InAs(110)
and Pb/Si(335) it was found that mainly the anisotropy in the scattering rate leads to
strong RAS signals. The anisotropy dominantly occurs below 1 eV and only by the
development of an IR enhanced RAS setup these measurements were possible.

In the case of even smaller nanowires (< 5 nm) such as indium wires on Si(111)
the free electron like response becomes negligible and interband transitions dominate
the RAS spectra. Nevertheless one particular system – the Si(111)-In:(4×1) surface –
was studied since it undergoes a reversible phase transition below 120 K which was
attributed to the inherent instability of an one-dimensional metallic system to periodic
lattice distortions – the Peierls instability. Although other models than the formation
of a charge density wave (CDW) driven by this instability are discussed the combined
RAS and Raman spectroscopy study performed here could show that only the CDW
formation can explain all experimental data. The suggested alternative – a structural
disorder–order transition, cannot explain the narrow line widths of surface phonons
in the supposed disordered phase, which are broadened in the supposed ordered
low temperature phase. Other measurements such as the adsorption experiments,
where the room temperature (4×1) phase was stabilised at 30 K also confirm the
CDW model. With a detailed analysis of the infrared RAS measurements it could
be furthermore shown that, although small, a contribution of the quasi free electrons
can be seen. Unfortunately a direct observation of a Peierls gap, as it is expected
in the CDW model, was due to the limitations of the spectral range of the RAS not
possible.

The last wire system which was extensively studied were Cs wires formed on
different III–V(110) surfaces. In this case the electron density is already small enough
that the wires are non-metallic. The system is believed to be a Mott-Hubbard insula-
tor. In this work it could be shown that – as expected – no free electron contribution
is found but that the formation of such wires still can be optically monitored since
surface states or surface resonances located at the Cs-group III or Cs-group V atoms
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and transitions are sensitive to the wire geometry and can be seen in RAS.
In conclusion it was shown that surface sensitive optical techniques can be used

not only to monitor the formation of nanowires but can also help to test competing
models of the wire structure itself. The direct observation of a surface phase tran-
sition with RAS but also Raman spectroscopy was proven to be a valuable tool in
understanding such complex phenomena. For larger nanowires it was also possible
to measure the conductance anisotropy of metallic nanowires in a contactless way.



A. Experimental details

A.1 Calibration of submonolayer coverages

Within this study different metals were deposited on to clean surfaces to obtain self-
assembled metallic nanowires. In the case of Sn/GaAs the quantities of tin deposited
were large enough to use rather classical approaches for thickness calibration of the
adsorbed material such as growth monitoring with quartz microbalances – which
itself were calibrated with growing thick samples through masks and determination
of thickness by ex-situ atomic force microscopy (AFM).

However in all other cases this direct approach was not feasible for various
reasons. In the case of the alkaline adsorption this method could not be used. Due to
the slow growth rates quartz-micro balances were not stable enough and adsorption
was limited to 1 ML in any case, since that was found as the saturation coverage of
alkali metals on silicon and the III-V semiconductors used in this study. Also for the
indium deposition on silicon only 1 ML was needed to grow the wire structures and
therefore other methods of adsorbate coverage determination had to be used. In the
next sections they are described in detail for all adsorbates used.

Caesium evaporation

Caesium was evaporated out of dispensers from SAES-Getter. In contrast to Knudsen-
like evaporators no bulk material is thermally desorbed but a salt of Cs (here CsJ) is
thermally decomposed. The dispensers are heated with direct current and mounted
on a two-pin UHV feedthrough. The deposition rates can be varied by the heating
power, but are low compared to Knudsen-type evaporators. An additional problem
is that the characteristics of each dispenser varies – hence each had to be calibrated
individually.

The adsorption on the surfaces studied here saturates at about 1 ML and is there-
fore highly non-linear in time. Classical approaches such as flux and evaporation
time measurements cannot be applied because of the low fluxes but also because of
the inherent nonlinearity of the adsorption.

To overcome this problem and to have a reliable calibration which can be done
in-situ without need of additional measurements the adsorption of caesium was first
investigated for several substrates with Auger electron spectroscopy. In this first step
for each coverage LEED images were taken and RAS measurements performed. The
relative Auger intensity of the Cs NOO line at 47 eV to the substrate Auger lines (As:
LMM at 1230 eV, Ga: LMM at 1070 eV, In: MNN at 404 eV) saturates upon completion
of the 3D layer. It is already known that for room temperature deposition, not more
than one monolayer can be deposited [217]. In order to get an approximation of the
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Figure A.1: Normalised Auger intensity ratios of the Cs NOO Auger line and a
substrate Auger line for different Cs coverages. Since saturation means
1 ML in the case of alkaline adsorption this quantity can be directly
interpreted as coverage. It is already obvious that adsorption rates vary
with each substrate material due to different sticking coefficients. It is
seen that for coverages much below 0.5 ML coverage versus evaporation
time shows a linear behaviour. For later adsorption studies a linear
behaviour was therefore always assumed in this coverage range. The
Cs flux of other evaporators was determined by measuring the time until
the RAS spectrum of Cs/GaAs(110) was similar to the one measured for
the 10 min spectra of this first study.

coverage, one can therefore normalise the relative Auger intensities of Cs for each
evaporation step with respect to the relative intensity at saturation.

Please note that there have been some differences in the literature concerning the
classification of one monolayer in the case of alkali adsorption. We use the definition
of one monolayer as the number of atoms on the clean III–V substrate surface. The
coverage calibration has to be done for each of the substrate material since the sticking
coefficient of Cs differs on the substrates investigated here. Using the same condition
on the Cs cell one finds saturation after 2 hours for GaAs but already after 45 minutes
for InAs (for minimised Cs flux).

In Fig. A.1 the results of these measurements are shown for different substrate
materials. Since such a study can only be done if an Auger electron spectrometer is
available it could not be applied for all the studies shown in this work. But what
could be done was using this coverage calibration to establish a set of “calibrated”
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RAS spectra. Since only the Cs-flux varies between different chambers, different
dispensers, and applied heating power, the general adsorption behaviour as seen in
Fig. A.1 is only scaled in time. By utilising certain key features in the RAS spectra
of Cs/GaAs(110) such as the energetic shift of the 2 eV minimum (see Fig. 6.4), or the
beginning quenching of the minimum structure (see Fig. 6.11) evaporation time was
linked to coverage. Hence by always using the same nominal evaporation conditions
and a calibration measurement of the well known Cs/GaAs(110) system the flux
rate of each individual Cs dispenser was determined. By scaling the adsorption
characteristics of Fig. A.1 by this flux rate the actual coverage could be estimated for
all other evaporation times.

This procedure works fine for all surfaces where this first Auger measurement
was performed: GaAs(110), InAs(110) and Si(111). For other surfaces additional as-
sumptions had to be made. For the measurements of Cs on InP(110) the coverage was
estimated by assuming the principal changes in the RAS spectra of Cs/InP(110) occur
at the same Cs coverages as for Cs/InAs(110). Since the RAS spectra are very similar
this assumption can be justified. For the measurements of Cs on Si(111)-In:(4×1)
surfaces the estimation was based on the assumption that the sticking coefficient of
Cs on clean Si(111) and on Si(111)-In:(4×1) does not differ significantly and the results
of Fig. A.1 are therefore valid.

Sodium evaporation

All measurements using sodium were performed in a vacuum chamber were no
Auger analysis was possible. The evaporation of sodium was done again with
dispensers from SAES-Getter as in the case of caesium evaporation. Similar to
Cs also for sodium a saturation of GaAs(110) or Si(111) surfaces was found. The
calibration of the sodium coverage was therefore based on the RAS measurements
of the Cs/GaAs(110) system. Assuming that the coverage is similar linear in the
low coverage region and that structures of the clean surface are equally quenched
by sodium adsorption the development of the clean surface GaAs(110) RAS spectra
upon sodium adsorption was used for calibration.

This approximation of the coverage was consistent with the reduction of the 2 eV
RAS minimum of the Si(111)-In:(4×1) upon sodium adsorption – again compared to
the changes introduced by caesium where the actual coverage was calibrated with
Auger measurements.

Indium evaporation

Indium was needed for the preparation of the Si(111)-In:(4×1) surface, which has a
nominal coverage of 0.75 ML indium. Since the preparation was controlled in-situ by
RAS as described in detail in section 5.1.2 the effective indium flux at the surface was
very well known for each sample at a temperature of 450°C. Since the evaporation
time for 0.75 ML was known, submonolayer coverages which are needed for the
prevention of the phase transition of the Si(111)-In:(4×1) can be achieved by much
shorter evaporation times.
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Tin evaporation

Tin was evaporated in larger quantities from regular Knudsen type cells. The cell
characteristics were well known, since the evaporator was already used and cali-
brated with AFM measurements of thick samples in previous studies of tin adsorp-
tion [154, 155]. With the given geometry of the UHV chamber, sample- , Sn-cell- and
quartz micro balance position a growth rate of 1 ML/min was achieved if the Sn-cell
was set to 960°C. Cell temperature was controlled by the inbuilt Pt-RhPt thermocou-
ple and evaporation was only started when the flux was stable at a change of oscillator
frequency of 6 Hz/min. Since RAS spectra were taken at growth interruptions and
closed evaporator shutters the Sn layer thickness was known for each spectrum. In
later studies these “calibrated” RAS spectra were utilised to determine the coverage
of samples grown in other chambers, where no micro balance was available.

A.2 Calibration of the temperature measurement

Low temperatures

The low temperature RAS and Raman measurements were performed in a UHV
chamber equipped with a liquid Helium evaporator type cryostat. Attached to
the cooling stage without shielding was a home built preparation stage with direct
heating capability as well as resistive heating. To prevent heat transfer to the copper
cooling stage during the sample preparation the molybdenum heating stage was
separated from the cooling stage by 1 mm thick sapphire plates.

With such a setup the lowest sample temperature possible was found to be
20±10 K. The temperature was measured with three independent Platinum resis-
tors (Pt100 and Pt1000) with a three point measurement to account for the resistance
of the connecting wire. Other type of temperature sensors could not be used, since
not only low but also high temperatures (900 K) are needed to be measured in this
particular setup, which will destroy commonly used Si diode temperature sensors.

In the range of 70-800 K the Pt100 resistors are specified with an temperature error
of ±1 K. Below 70 K each resistor is needed to be calibrated individually since the
zero temperature reading depends on the defect density of the platinum resistor itself
and not on temperature alone. Such a calibration would need a known low temper-
ature reference, which was not available. Using the interpolation of the standard
R-T dependence of a Pt100 at temperatures below 70 K will lead to a systematical
overestimation of the temperature. The temperatures given here are always mean
values of all three detectors. For the lowest achievable temperature (highest He
flux) a typical reading was 10 K, 15 K and 30 K, the temperature is therefore given
as 20±10 K, which is a reasonable value for a liquid Helium cooled stage without
cooling shields, though due to the systematic overestimation, the true temperature
will be probably at the lower end of the confidence interval.

At higher temperatures the errors get smaller and above 70 K all resistors showed
the same reading within the 1 K error range.

In order to test whether the true sample temperature deviates from the reading
of the temperature sensors two different test experiments were performed. First a
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Pt100 resistor was mounted on top of a sample during cooling, which showed a 10 K
higher minimum temperature than the ones mounted at the manipulator, though this
is within the errors of the resistors used and since the thermal contact to the sample
was not ideal the small difference was believed to be irrelevant. Above 100 K the
difference was smaller than 2 K.

The second test was to measure the shift in the phonon mode of a silicon sample
during cooling. The Γ′25 mode shifts from 520 cm-1 at room temperature to 524 cm-1

at low temperatures and is very well known (see for instance [198]. The error of this
method is given by the error of the frequency determination by Raman spectroscopy
which was about 0.1 cm-1 which corresponds to a temperature deviation of 5 K. Within
this error there was no deviation from the temperature reading of the Pt100 elements,
though due to the saturation of the frequency shift of the silicon phonon below 100 K
(see zero point renormalisation effects in [187, 198]) this method could not be used to
evaluate the minimum temperature.

High temperatures

During the preparation of the vicinal Si(111)-(7×7) surface with defined monoatomic
steps and regular terraces the samples need to be heated to 1100◦C. The heating was
by direct current heating and it was necessary to calibrate the current vs. temperature
curves for each individual sample, since sample size, contact resistance and if samples
with different offcuts were used, the doping level also varies. The temperature of
the sample was measured with a commercial pyrometer (Keller HCW, Pz20 AF1)
measuring in the wavelength region of 1.1–1.7 µm through the optical viewport
normally used for the RAS measurements. The emissivity of silicon was set to 0.65,
which, in this spectral region, is only valid for temperatures above 800◦C [243].
Since the temperature for the preparation of the indium nanowires (400-450◦C) was
not as critical because the wire formation was monitored with RAS, the systematic
deviations of the pyrometer reading below 800◦C were neglected.

For the high temperatures the measured spot was systematically varied, showing
temperature gradients of up to 50 K on the samples. For the I-T calibration curves
the highest reading was always taken to prevent accidental melting of the samples.
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B. Visualisation of surface phonons

Vibrations of single molecules or clusters and other isolated structures can be cal-
culated with freely available packages such as GAUSSIAN1. The software packages
also include mechanisms to visualise the calculated vibrational modes.

In the case of indium nanowires the calculations are more complicated, since for
proper treatment of the surface many unit cells need to be considered. There are
other packages used for DFT calculations in such repeated slab geometries. Some
groups also analyse the vibrational properties of surfaces with such packages (see
calculation details in [145–147, 186]). The calculated Eigenvector of the vibration
is then usually plotted by indicating the maximum displacement of the atoms from
their equilibrium positions. An example of this is given in Fig. B.1. The displacement

Figure B.1:

Example of a calculated displacement
pattern of the Si(111)-In:(4×1) surface
taken from [186]. This particular mode
is the A′′ mode at 55 cm-1.

pattern is shown in one unit cell and if more than one layer is considered the projected
views are not very intuitive.

Since the available packages for visualisation of phonons were not prepared
to display structures in a periodic continuation, which is necessary for intuitive
animations of a surface phonon starting with the unit cell, a new approach was
made. To simplify the problem the graphics are not generated by the new program
itself. Instead description files for the free ray-tracing program Povray are created.
The individual images are then put together into a single animation by standard
graphic packages. The program itself is written in a script language (perl). To use
it a perl interpreter, povray and an image processing program which can be used in
batch mode is additionally needed.

The atomic positions and the Eigenvector of the vibration need to be calculated
first by the theorists and are then given in normal coordinates in a single configuration
file (unitcell.conf). In a second file (atoms.conf) for each type of atom a colour is
defined. In the last configuration file (povray.conf) all other information necessary
for the animation is given. This includes some details for the ray tracing program
(camera position, light source, . . . ). For convenience these should be tested in mod-
elling programs for povray. The second class of information given in povray.conf
are the number of frames for a single period, how many periods and unit cells should

1see: http://www.gaussian.com/gv_plat.htm

http://www.gaussian.com/gv_plat.htm
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Figure B.2: Snapshots of a phonon animation for the 55 cm-1 A′′ mode of the Si(111)-
In:(4×1) surface. The darker (red) atoms depict indium atoms while
the lighter ones depict silicon. In this static view the vibration is not
very obvious. It is therefore recommended to look at the animation at:
http://gift.physik.tu-berlin.de/pub/In-Si-modes/

be considered and the exact commands as to how povray and graphic converter are
to be called to finish the animation.

Finally some physical information is set in povray.conf: first of all the size of
the unit cell and phonon amplitude in nm. To animate propagating waves a phase
shift can be defined between adjacent unit cells in x and y direction. Lastly there
is the possibility to simulate elevated temperatures by applying additional random
displacements for each atom. Currently no physical models are included for the
temperature dependence, amplitude of vibration or wavevectors, since in a first step
only the visualisation of the displacement pattern itself was of interest.

In Fig. B.2 a set of images for visualising the same vibrational mode as in Fig. B.1
is given. The full animation can be found, together with all other calculated modes
of the Si(111)-In:(4×1) surface at the given website.

http://gift.physik.tu-berlin.de/pub/In-Si-modes/
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List of abbreviations and symbols

1D one-dimensional
2D two-dimensional
3D three-dimensional
α polarisability, sometimes absorption coefficient
AC alternating current
AFM atomic force microscopy
ARPES angle resolved photo emmision spectroscopy
CCD charge coupled device
CDW charge density wave
χ̃ complex dielectric susceptibility
cm-1 reciprocal centimeter, 1 meV ≈ 8cm-1

DC direct current
d thickness, distance
∆Ep Peierls gap
δRAS difference of two RAS spectra
∆r/r reflectance anisotropy
ε0 electric field constant
e electron charge
ε̃ complex dielectric function, tensor components: ε̃i j

<ε> effective dielectric function
e unit vector
E electric field, energy (with numerical indices: critical point energy)
EF Fermi energy
EMA effective medium approximation
f volume fraction
FTIR Fourier transform infrared spectroscopy
FWHM full width half maximum
GGA generalised gradient approximation
GIXRD grazing incidence X-ray diffraction
GW derived from: Greens function G, Coulomb Potential W
HREELS high resolution electron energy loss spectroscopy
IR infra red
kF Fermi vector
k wave vector (photons)
LDA local density approximation
LEED low energy electron diffraction
λ wavelenght, sometimes interaction parameter
lP penetration depth (of light)
ML monolayer
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PEM photo elastic modulator
q wave vector (phonons)
RAS reflectance anisotropy spectroscopy
RHEED reflection high energy electron diffraction
R reflectance, R = |r̃|2
r̃ complex (Fresnel) reflectivity
SDA surface dielectric anisotropy
SDR surface differential reflectivity
CDW spin density wave
σ conductivity
S Raman cross section
STM scanning tunneling microscopy
τ relaxation time, average scattering time
T temperature
UHV ultra high vacuum
UV ultra violet
ωp plasma frequency
ωτ scattering frequency



Index

δRAS, 64

absorption, 16
alkalines, 12, 107ff
Anti-Stokes process, 30

backfolding
– electronic bands, 68
– phonon modes, 85
Bruggeman EMA, 26, 43
bulk anisotropic metal, 9
bulk critical point, see citical point109
bulk metal approximation, 24, 43

calibration
– of coverage, 127
– of temperature, 130
chain doping, 94
charge density wave, 10, 11, 61ff, 88ff,
101
– suppression, 89
conductivity
– anisotropy, 22, 28, 41ff, 48, 53, 102
– DC, 19, 47, 54
– quantisation, 13
– tensor, 18
confinement, 13
critical point, 16, 28, 32, 110, 119
Cs on GaAs(110), 12, 110ff
Cs on InAs(110), 114
Cs on InP(110), 115

dielectric function, 15
– β-tin, 45
– anisotropic, 21
– Drude, 17, 28
– effective, 15
– effective medium models, 25
– interband contribution, 16
– intraband contribution, 17
– silicon, 16
dielectric tensor, 15, 18

Drude model, 6, 17, 28, 46, 50, 102

effective mass, 6
effective media approximation, 25
– Bruggeman, 26, 43
– Lorentz-Lorenz, 26
– Maxwell Garnett, 25

electric field, 15, 35
ellipsometry, 15
EMA, see effective media approxima-
tion

Fermi liquid, 6ff
– instability, 7

Fermi surface, 7, 61
free electrons
– anisotropic model, 53
– dielectric function, 17

FTIR spectroscopy, 16, 30

GaAs(110)
– caesium wires, 12, 110ff
– clean surface, 108

GIXRD, 57, 62

InAs(110)
– caesium wires, 114ff
– clean surface, 45, 108
– tin wires, 42

InP(110)
– caesium wires, 115ff
– clean surface, 108

island growth, 5, 43

lithography, 3
Lorentz-Lorenz EMA, 26
Luttinger liquid, 10ff

Maxwell equations, 15
Maxwell Garnett EMA, 25
Mie resonance, 45
Mott-Hubbard insulator, 12ff, 107, 122
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nanowires
– conductance, 41, 102
– definition, 3
– model optical anisotropy, 24–30
– optical anisotropy, 41ff
– preparation, 3ff, 41

Pb on Si(335), 48ff
– free electron response, 50
– morphology, 41
– plasma frequency, 51
– SDR, 49
Peierls transition, 7ff, 55, 61, 101
PEM, 19, 22
penetration depth, 15, 34, 71, 78
phonon, 30
– soft, 88
plasma frequency, 17, 19, 47, 53
– Pb on Si(335), 51
– Si(111)-In:(4×1), 53, 102
– Sn on InAs(110), 47
polarisation, 15
polariser, 22

Raman spectroscopy, 30–37
– cross section, 78
– monitoring, 75
– resonant scattering, 31, 33, 73, 76
– second order, 35, 81
– selection rules, 31
– Si(111)-In:(4×1), 70ff
– Si(111)-In:(8×2), 76ff
– size effects, 36, 43
– surface phonons, 32
– temperature induced shift, 80
Raman tensor, 31
RAS, 19–23
– calculated from SDR, 49
– common applications, 21
– comparing amplitudes, 20
– differences (δRAS), 64
– free electron response, 28, 46, 54
– III-V(110) surface, 108
– infrared measurements, 22
– origin, 20, 66, 123
– relation to ∆σ, 22

– setup, 20
– Si(111)-In:(4×1), 57ff
– Si(111)-In:(8×2), 63ff
– simulation, 24
– step induced, 57
– temperature induced shift, 63, 65
– three layer model, 21
reflectance, 19
– anisotropy, see RAS
– normal, 21
reflectivity, 19

scattering rate, 17, 19, 47
SDR
– Pb on Si(335), 49
selection rules, 31
Si(111)-(7×7), 57
Si(111)-In:(4×1)
– adsorbate stabilised, 89ff
– caesium stabilised, 94
– calculated phonon modes, 75
– conductance anisotropy, 53, 102
– effective mass, 53
– Fermi surface, 61
– first observation, 56
– free electron response, 52
– indium stabilised, 89
– LEED, 60
– phase transition, 9, 60
– preparation, 58ff
– Raman spectra, 70ff
– RAS, 57, 63ff
– sodium stabilised, 96
– STM, 55
– structure, 56
– surface bandstructure, 61
– surface phonons, 71
– unit cell, 57, 75, 83
Si(111)-In:(8×2)
– calculated phonon energy, 83
– LEED, 60
– Raman spectra, 76ff
– RAS, 63ff
– STM, 61
– structure, 62
– surface phonons, 76, 78
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– transition temperature, 64
– unit cell, 62, 83
Silicon
– dielectric function, 16
silicon
– surface phonons, 71
– vicinal, 57, 60
Sn on InAs(110), 42ff
– initial growth, 45
– IR anisotropy, 46
– morphology, 42
soft mode, 88
spin density wave, 10, 11
step bunching, 4, 59
step decoration, 4, 60
step roughness, 58
Stokes process, 30
strain, 63, 112, 120
superconductivity, 7
surface
– plasmon, 18
– single domain, 58
– steps, 57
– vicinal, 4, 56, 105
surface dielectric anisotropy, 20
– free electron response, 28, 46
– metal surfaces, 25
– Pb on Si(335), 50
– Sn on InAs(110), 46
surface differential reflectance, see SDR
surface phonon, 32, 70ff, 76ff
susceptibility
– generalised dielectric, 31
– Raman, 33
– tensor, 15

three layer model, 21, 24, 43
transition temperature, 10, 60, 88

vicinal surface, 4, 56, 105
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