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Abstract

Materials with reduced dimensionalities, such as 2D and quasi-1D systems, are associated
with a variety of instabilities accompanied by a wealth of phase transitions. This thesis
treats four systems, each consisting of a metal layer evaporated on a silicon substrate, which
reversely undergoes a metal-insulator transition depending on temperature. It is often caused
by the interplay between electronic correlation effects and spin-orbit coupling in these systems.
Besides, spatial confinement is able to tune both SOC strength and the phase transition
temperature or it even leads to a suppression of the insulating phase.
For the (4 × 1)-In reconstruction on Si(111), it is found that the critical temperature of

its Peierls-like phase transition is significantly affected by confinement due to surface steps.
Transport experiments point towards destabilization of the low-temperature (8 × 2) phase
in the vicinity of step edges, which lowers the phase transition temperature upon heating.
During cooling the (8 × 2) phase nucleates inside the (4 × 1) domains, thus the critical
temperature decreases only for a sufficiently high density of steps, i.e., with merely three
(4× 1) chains per terrace.

The α-Sn reconstruction on Si(111) is a prototype system for a two-dimensional Mott
phase. By means of spin-resolved photoemission experiments, the spin-structure of the elec-
tronically correlated insulating surface state was explored in detail. The analysis of the
spin-integrated bands, as well as the spin-texture of the surface state along different crystal-
lographic directions, provide clear evidence for the formation of collinear antiferromagnetic
(2
√

3×
√

3) domains, while the Sn reconstruction structurally reveals a (
√

3×
√

3) symmetry.
The Rashba-splitting of the highest occupied Mott state was found to be ∆k = 0.05 Å−1,
i.e., the α-Sn phase should rather be termed a weakly spin-orbit coupled Mott system.
In order to investigate finite-size effects such an electronically correlated system, a detailed

feasibility study was done on the growth of Sn nanowires on Si(557). Depending on the
Sn submonolayer coverage, various Sn-nanowires were identified. For Sn-coverages above
0.5 ML, (

√
3×
√

3) and (2
√

3× 2
√

3) reconstructions were found. In particular, these phases
cover extended (111)-areas, thus leading to an inhomogeneous refacetting of the Si(557)
surface. The (223) facets between the (111) terraces reveal structures, which resemble a ×2
reconstruction along the edges. The initial step structure of the Si(557) surface is maintained
for Sn-coverages below 0.5 ML, showing the α-Sn phase on 3 nm wide (111)-terraces. In
contrast to the 2D Mott state of α-Sn/Si(111), this confinement quenches the correlated
electronic phase yielding metallic surface states at 40 K, as seen by photoemission.
Furthermore, the low-temperature spin-orbit density phase of Pb on Si(557) was investi-

gated, where the surface orientation is well-known to change to local (223) facets separated by
(111) terraces yielding in a nesting condition of the Fermi wavevector in the direction across
the nanowires. Structural models are proposed based on high-resolution scanning tunneling
microscopy images. Concerning the nanowires, spectroscopic data allowed the determination
of the insulating gap size induced by the formation of a spin-orbit density wave below 78 K.
Evaporation of surplus Pb atoms up to 0.2 monolayers adds an extra row of Pb atoms on
the mini-(111) terraces in addition to the filling up of the step edge adsorption sites. These
atoms induce a metallic state located at the step edge at low temperature. The insulating
phase completely collapses as a second Pb layer is added on the nanowires.
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Acronyms

1D One-dimensional
2D Two-dimensional
2pp Two-point probe
4pp Four-point probe
ARPES Angle-resolved photoemission spectroscopy
BC Bandwidth controlled
BCS Bardeen-Cooper-Schrieffer
CDW Charge density wave
CEM Constant energy map
COPHEE Complete Photoemission Experiment
DCA Dynamical cluster approximation
DFT Density functional theory
DOS Density of states
EDC Energy distribution curve
FC Filling controlled
FFT Fast Fourier transformation
FIM Field ion microscope
HSE Heyd-Scuseria-Ernzerhof
LDA Local density approximation
LDOS Local density of states
LEED Low energy electron diffraction
LHB Lower Hubbard band
LHe Liquid Helium
LN2 Liquid Nitrogen
LT Low temperature
LT-STM Low temperature STM
MDC Momentum distribution curve
MIT Metal-insulator transition
ML Monolayer
QPP Quasi-particle peak
RT Room temperature
SARPES Spin- and angle-resolved photoemission spectroscopy
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SBZ Surface Brillouin zone
SCL Space charge layer
SDW Spin density wave
SEM Scanning electron microscope
SIC Striped incommensurate
SIS Surface and interface spectroscopy
SOC Spin-orbit coupling
SODW Spin-orbit density wave
SPALEED Spot profile analysis low energy electron diffraction
STM Scanning tunneling microscope
STS Scanning tunneling spectroscopy
UHB Upper Hubbard band
UHV Ultra-high vacuum
VT-STM Variable temperature STM
XPS X-ray photoemission spectroscopy



List of symbols

2∆ Band gap
α Rashba parameter
δθ Amount of excess coverage
∆B Activation energy of the isotropic bulk hopping channel
∆SO Spin-orbit gap
ε(~k) Tight-binding energy
ĉ~R,σ Annihilation operator for an electron in a Wannier orbital

ĉ†~R,σ
Creation operator for an electron in a Wannier orbital

D̂ Operator for the number of double occupancies on lattice sites
Ĥ Hamilton operator
Ĵ Total angular momentum
L̂ Angular momentum
Ŝ Spin
λ Atomic SOC
µ Chemical potential
µn, p Mobility of electrons (n) or holes (p)
φ Work function
φ~k,σ(~R) Wannier orbital
ρ Resistivity
σ Conductivity
τ Tunneling probability
θ Coverage
~E Electric field vector
~R Lattice site
ξ Coherence length
a Lattice constant
aB Bohr radius
d Number of dimensions
E Energy
EB Binding energy
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EF Fermi energy
EKin Kinetic energy
I Current
kF Fermi wavenumber
L Number of lattice sites
N Number of electrons
n Number of electrons per lattice site
NA, D Acceptor or donor concentration
R Resistance
T Temperature
t Tight-binding matrix element
tSCL Thickness of the SCL
Tc Phase transition temperature
U Coulomb repulsion, “Hubbard U”
V Bias voltage
vF Fermi velocity
W Bandwidth
WH Hysteresis width
Z Atomic number
ZN Number of nearest neighbors
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Chapter 1
Introduction

The progress in information and computer technology proceeds at an exceptional constant
pace during the last 50 years [1–3]. As the shrinking of transistor size nowadays tackles
the nanoscale, new approaches beyond the classic silicon transistor are recently developed.
Promising attempts are single-atom transistors [4–6], whose switching units are in the order
of a few nanometers [6, 7].
The ongoing miniaturization is not solely restricted to electronic devices but affects the

circuits as well, increasing the demand for nanoscale interconnects. It paves the way for ex-
tensive research on so-called nanowires, which diameters are in the nanometer range. Apart
from being merely a substitution for conventional wires [8], they have attracted intense at-
tention for building transparent electrodes. In optoelectronic devices, transparent conducting
films are utilized for collecting charges from adjacent functional layers, like in the case of solar
cells, or supplying charge carriers, e.g., in light emitting diode displays or touchscreens. Per-
colation networks of metallic nanowires arranged in a random mesh structure are promising
candidates as a replacement for indium tin oxide films [9, 10], that is so far the most efficient
and widely used but gets more expensive owing to the rarity of indium [11, 12]. Beside their
electrical conductivity and optical transparency, a major advantage of, e.g., silver or copper
nanowires is the high flexibility [9, 10, 13], which satisfies the current need for bendable elec-
tronics, such as flexible smartphone displays [14], or transparent heaters suitable as window
defrosters and medical equipment [15].
From a fundamental research point of view, the confinement of systems to low dimensions

offers the opportunity to investigate a wealth of exotic phenomena. These systems do not
necessarily preserve the characteristics of the bulk material but come along with a variety
of new physical properties, such as electronic interactions and correlations effects due to
the finite size. For instance, two-dimensional (2D) electron gases realized by adsorption of
metallic films on semiconductor surfaces are well-known to show quantum-size effects [16],
which may influence their growth mode [17]. If spin-orbit coupling (SOC) is effective, the
electronic effects are intimately related to magnetic phases [18]. Besides, the frustration of
spin-1/2 systems on 2D triangular lattices favors complex spin-textures [19, 20], like the Mott-
insulating low-temperature ground state with a row-wise antiferromagnetically ordering for
the submonolayer α-Sn phase on Si(111) [21]. It is one aim of this work to provide a detailed
description of its spin-split surface state dispersion.
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Chapter 1 Introduction

However, the realization of truly one-dimensional (1D) atomic chains remains very de-
manding, requiring, e.g., either laser cooling [22, 23] or the gradual withdrawal of a scanning
tunneling microscope tip dipped in a gold cluster [24]. The wires produced in this way are
quite unstable and consist of just a few atoms. Both atomic wires and 2D films can be sta-
bilized by embedding in a three-dimensional environment, i.e., they are grown on substrate
surfaces. In the scope of this thesis, preparation of such systems is done via self-assembly on
either flat or vicinal silicon wafers, resulting, e.g., in nanowires that are one atom high and
several atoms wide. It leads to an inevitable coupling between the wires and the underlying
substrate, as well as interactions between adjacent nanowires. This cannot be neglected in
most cases and influences their properties, e.g., by adding another transport channel present
in the sub-surface layer, which can have a significant impact on acquired transport data
[25–27]. Besides, the interchain coupling can be altered by the presence of substrate steps,
providing the possibility of growing defined amounts of interacting wires on top of substrates
with a slight miscut angle. Thus, this kind of nanowires is often termed as “quasi-1D”.
During the last decades, much effort was put in research on metallic nanowires arranged on

semiconducting substrates. The benchmark system in this context is the (4 × 1)-In/Si(111)
reconstruction, which is one of the most comprehensively studied atomic chain systems.
Although the substrate surface itself has a 2D symmetry, the In nanowires arrange in a 1D
fashion on top due to preferential growth directions on the underlying silicon crystal. This
typically results in the formation of multiple rotational domains. Upon cooling, it reversely
shows a Peierls-like instability going along with a charge-density wave (CDW) on account of
strong electron-phonon coupling accompanied by charge redistribution and periodic lattice
distortions [28, 29], leading to an insulating ground state with a periodicity doubling both
along and across the nanowires [30–32]. However, there are still open questions, e.g., regarding
possible ways to tune the phase transition temperature Tc. So far, investigations mainly
focused on the impact of additional atoms adsorbed on the indium chains, leading to a shift
of Tc to either higher or lower temperatures, depending on the atom species [33–39], while
the influence of step edges got significantly less attention [26].

Another approach for controlling size-induced effects is the use of vicinal surfaces as a
template for nanowire growth. Substrates like Si(557) already display an inherent anisotropy
due to its regular arrangement of atomic steps. In this case, a parallel array of nanowires are
formed on top of small terraces between the steps. This opens up the possibility for a gradual
tuning of the interaction strength between the nanowires by changing the terrace width, i.e.,
by employing differently inclined surfaces [40]. Some types of nanowires even induce a surface
refacetting in order to relax the system into an energetically more favorable state. In partic-
ular, for 1.3 monolayers (ML) Pb on Si(557), the arising local (223) orientation introduces a
new reciprocal lattice vector that exactly meets the spin-polarized nesting condition in the
direction perpendicular to the nanowires. It gives rise to an insulating ground state caused
by a delicate interplay of SOC and electronic interactions, which forms a so-called spin-orbit
density wave (SODW) [41] while preserving the metallic conductance along the wires [42–
44]. Therefore, this system can be reversely switched between 1D and 2D conductance by
changing the temperature. Interestingly, Pb atoms added as surplus on the surface primarily
tend to decorate the step edges [45], maintaining the spin-ordering up to an excess coverage
of 0.2 ML Pb [41]. However, an important information for the understanding of the delicate
interplay between the surface periodicity and the electronic structure is still missing up to
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now, since the actual atomic structure of these nanowires is still under debate, suggesting
either a densely packed (

√
3 ×
√

3) reconstruction [43] or a domain structure similar to the
devil’s staircase phases observed for Pb/Si(111) [45].
Concerning peculiar electronic correlation effects, a promising candidate for nanowire

growth is the Sn/Si(557) system. The element Sn is isoelectronic to Pb, but correlation effects
are much stronger due to the smaller orbital size, while the spin-orbit coupling is weaker on
account of the lower atomic number Z. As previously mentioned, the 2D α-Sn/Si(111) phase
exhibits a Mott metal-insulator transition [21], where a metallic quasi-particle state can be
introduced in the Mott insulating gap via doping [46]. Hence, the use of a vicinal substrate,
as done in the scope of this thesis, offers the unique opportunity for investigating a spatially
confined Mott state.

Structure of this thesis
After this introduction, Part I continues with a detailed description of various types of metal-
insulator transitions feasible in low dimensional systems (chapter 2). It includes theoretical
descriptions of the Mott transition existing in the α-Sn/Si(111) phase, the Peierls instability
present in the In/Si(111) reconstruction, and the SODW, which is the insulating ground state
of the Pb/Si(557) nanowires. Afterward, the experimental methods (chapter 3) used in the
course of this thesis are introduced, as well as the setup of the utilized vacuum chambers
(chapter 4). Primarily, scanning tunneling microscopy (STM) was used in order to obtain
atomically resolved images of the surface reconstructions. Apart from this, a four-point-
probe (4pp) STM was employed for transport experiments, and band structure investigations
were done by spin- and angle-resolved photoemission (SARPES), while low energy electron
diffraction (LEED) mainly ensured a consistently high sample quality.
Part II discusses in detail finite-size and SOC effects in low-dimensional systems. First, the

influence of confinement on the phase transition temperature of In/Si(111) due to substrate
steps is examined in chapter 5, causing a lack of interchain interactions in the vicinity of the
step edge. Next, the spin structure of the electronically correlated surface state of the α-Sn
reconstruction on Si(111) is probed using SARPES and a model for an in-plane spin-ordering
is proposed (chapter 6). This is followed by a detailed study on the formation of Sn-induced
nanowires on Si(557) (chapter 7). Three distinct nanowire phases at different Sn coverages
are identified, one of them being the confined Mott state resulting in the quenching of the
insulating gap. The last experimental chapter 8 treats the structural and electronic properties
of the low-temperature SODW phase of the Pb/Si(557) system.
Finally, in Part III, all experimental findings are summarized (chapter 9), and an outlook

about further research possibilities is given in chapter 9.
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Chapter 2
Metal-insulator transitions

In the course of this thesis, several material systems were investigated. Regardless of whether
they showed one- or two-dimensional behavior, all of them exhibited a common feature: a
phase transition from a metallic to an insulating state depending on temperature. The
following chapter gives insight into the different types of metal-insulator transitions (MIT).
It is based on the book The Mott Metal-Insulator Transition by F. Gebhard [47].

In general, in the approximation of zero temperature and small external fields, two basic
categories of insulating states can be identified:

1. insulators due to electron-ion interaction, and

2. insulators due to electron-electron interaction.

Considering only static ion configurations, the first category includes insulators that can be
described by a single-electron theory. Most prominent examples are

• Bloch-Wilson or band insulators [48–50] due to the electrons’ interaction with the pe-
riodic potential of the ions;

• Peierls insulators [30] due to the electrons’ interaction with phonons, and

• Anderson insulators [51] due to the presence of disorder, e.g., the electrons’ interaction
with impurities and other lattice imperfections.

On the other hand, for insulators of the second category, a many-electron problem has to be
solved. It includes

• Mott insulators [52] due to the electrons’ mutual interaction.

In the scope of this work, insulators and the associated metal-insulator transition of both
categories were studied. The isostructural Mott transition occurring in α-Sn/Si(111) is in-
troduced in chapter 2.1, as well as how this transition is influenced by means of either SOC
or doping. The In/Si(111)-(4 × 1) phase undergoes a Peierls-like transition to an insulating
(8 × 2) reconstruction. The mechanism behind it is described in more detail in chapter 2.2.
Besides, a more recently established theory is presented in chapter 2.3, namely the spin-orbit
density wave (SODW). It explains the insulating ground state of Pb/Si(557), considering
both electronic correlations and SOC.
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Chapter 2 Metal-insulator transitions

2.1 Mott transition
Already back in 1937, it was pointed out that the theoretical description of metals and insula-
tors with a model of non-interacting electrons does not always reproduce the experimentally
observed characteristics. For instance, materials like nickel oxide with partially filled 3d bands
show semiconducting or insulating behavior, although theory predicts them to be metallic
[49, 53].
Nevill Mott solved this apparent contradiction by arguing that the electrons in transition

metal oxides may not be considered free as done in the nearly-free electron model. Instead,
they experience strong local Coulomb repulsions [52, 54–56]. A few years later, this postula-
tion led to the Hubbard model, a lattice fermion model which includes the simplest many-body
Hamiltonian that can describe the interplay between kinetic energy and Coulomb repulsion.
M. C. Gutzwiller [57] independently proposed it in order to describe the metal-insulator tran-
sition, J. Kanamori concerning itinerant ferromagnetism, and the namesake J. Hubbard [58]
regarding transition metals. It will be introduced in more detail in the following section, as
well as the influences of both SOC and doping on Mott-insulating systems (chapters 2.1.2
and 2.1.3).

2.1.1 Hubbard model
The Hubbard model (or one-band Hubbard model) is based on two basic assumptions [59],
namely

1. interactions are local, i.e., only between electrons on the same atom, and

2. it exists only one band at half filling.

A common example is a d-dimensional cubic lattice of hydrogen atoms with Bohr radius aB
and lattice constant a. The number of lattice sites L is equal to the amount of electrons N as
each hydrogen atom provides one electron, resulting in a half filled band. In order to describe
the potential energy of this system, the so-called “Hubbard U” is introduced. It is defined as
the intra-atomic energy or on-site Coulomb repulsion, thus ionization energy minus electron
affinity,

U = E(H→ H+)−
∣∣E(H→ H−)

∣∣ = E(H−) + E(H+)− 2E(H). (2.1.1)

Assuming only hopping between nearest neighbors is allowed, the tight-binding approximation
for independent electrons leads to a cosine dispersion relation of the tight-binding energy

ε(~k) = −2t
d∑
j=1

cos(kja). (2.1.2)

Here the bandwidth is given by W = 2ZNt , with the number of nearest neighbors ZN = 2d
and the tight-binding matrix element t > 0, that is related to the electron hopping probability
from its lattice site to the nearest neighbor site and depends on a/aB. Hence as a increases,
the orbital overlap as well as the bandwidth decreases. However, in this case it remains a
metallic state even for very large distances in between the atoms. The inconsistency can be
solved taking into account the Hubbard U . A critical value of a can now be found, where
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2.1 Mott transition

t

E

DOS

EF

(a) U � t

t

DOS

E

EF
U

UHB

LHB

(b) U � t

Figure 2.1: Schematic illustration of the structure and the density of states (DOS) above and below a
Mott MIT. (a) Weakly correlated metallic state U � t: electron conductivity is possible
via hopping. (b) Strongly correlated insulating state U � t: electron are highly localized
at single-occupied lattice sites.

the energy gained by hopping is smaller than the energy needed to overcome the Coulomb
repulsion. This results in the Hamilton operator of the Hubbard model,

Ĥ = ĤBand + ĤU = −t
∑
~R1 6=~R2

∑
σ

ĉ†~R1,σ
ĉ~R2,σ

+ U
∑
~R

n̂~R,↑n̂~R,↓ (2.1.3)

describing the interplay between the kinetic energy band term ĤBand and the Coulomb re-
pulsion term ĤU in second quantization [57, 60]. ĤBand defines the electron hopping between
neighboring lattice sites ~R1 and ~R2. The operators ĉ†~R,σ and ĉ~R,σ create or annihilate an
electron in the Wannier orbital φ~k,σ(~R), that is a well-localized state in order to fulfill the
assumption of local interactions. ĤU comprises the operator for the number of double occu-
pancies

D̂ =
∑
~R

n̂~R,↑n̂~R,↓ with n̂~R,σ = ĉ†~R,σ
ĉ~R,σ, σ =↑, ↓ . (2.1.4)

According to Eq. 2.1.3 two limiting cases are found, namely weak and strong correlations:

U � t: In the weakly correlated case, the Coulomb repulsion experienced by the electrons
is much lower than the hopping probability. Hence the electrons are free to move to
other lattice sites, and double occupancies are possible as depicted in Fig. 2.1 (a).
This delocalization of the electrons leads to a half-filled state at the Fermi energy EF
making the system metallic.

U � t: In the strongly correlated case hopping is suppressed by strong on-site Coulomb
repulsion. Thus electrons are localized on single-occupied lattice sites as shown in
Fig. 2.1 (b). This results in an insulating system characterized by the formation of
the occupied lower Hubbard band (LHB) and the unoccupied upper Hubbard band
(UHB). These bands are filled for N = L electrons each, in contrast to conventional
insulating bands with N = 2L. The LHB and UHB are separated by the energy U
needed to remove one electron from a single-occupied site and hop to an adjacent
single-occupied site.
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Chapter 2 Metal-insulator transitions

Figure 2.2: (a) Phase diagram of a Mott MIT showing the ratio U/t in dependence of the electron
density n; at n = 1 the band is half filled. For n 6= 1 and/or a correlation strength
less than Uc/tc the system is metallic. The triangular-shaped pink area highlights the
fluctuation regime at values close to the Mott-insulating phase. Two ways for the MIT
are indicated by red arrows: the BC-MIT and the FC-MIT. Adapted from [61, 62].
(b) Schematic phase diagram displaying U/t in dependence of the spin-orbit coupling
strength λ/t. It can be divided into four quadrants with weak or strong correlation
regimes and weak or strong SOC regions. Image is taken from Ref. [18].

For intermediate values of U and t, the system undergoes a metal-insulator transition. This
happens at a critical ratio Uc/tc, at which the Hubbard U is small enough and the bandwidth
W (∝ t) large enough for the Hubbard bands to "overlap". The phase diagram of a Mott
MIT is plotted in Fig. 2.2 showing the U/t ratio in dependence of the number of electrons
per lattice site n = N/L. As mentioned before, the insulating phase is present only at
half filling (n = 1) and above the critical value Uc/tc. Doping the system by adding either
electrons or holes changes the electron density and leads to a metallic state. For sufficient
high correlations, an unstable fluctuation regime exists, which exhibits a strong coupling of
the insulating phase, while it is generally assumed to be metallic [61, 62].
In total there are two different way to drive a system into a Mott insulating state as

highlighted with red arrows in Fig. 2.2 (a). In case of a half-filled band (n = 1), a change in
U/t that results in a value above a finite Uc/tc is called a bandwidth controlled- (BC-)MIT.
A filling controlled- (FC-)MIT is possible for systems with a sufficient high U/t ratio and a
non-integer filling n close to n = 1. Thus, changing the electron density by carrier doping
yields a Mott insulating phase as well (cf. chapter 2.1.3) [61].

2.1.2 Influence of spin-orbit coupling on Mott insulators

Up to now, the systems considered here were only allowed to experience electronic correlations
in between the electrons. However, especially in heavy elements, an interaction between
orbital angular momentum and electrons is observable. This effect scales with Z4 with Z
being the atomic number, and it is known as spin-orbit coupling (SOC). For a detailed
description and the derivation of the following equations refer to, e.g., [63]. In this section,
the combination of these two central topics in quantum material research will be discussed
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2.1 Mott transition

based on a review paper by W. Witczak-Krempa et al. [18].
Compared to the previously considered Hamilton operator in Eq. 2.1.3, the inclusion of

SOC adds a third component, namely

ĤSOC = λ
∑
~R

~L~R
~S~R. (2.1.5)

In this equation λ is the atomic SOC, which entangles spin (~S~R) and angular momentum
(~L~R). It depends on the quantum numbers n and l of the electrons’ orbital. Hence the entire
Hamilton operator yields

Ĥ = ĤBand + ĤU + ĤSOC = −t
∑
~R1 6=~R2

∑
σ

ĉ†~R1,σ
ĉ~R2,σ

+ U
∑
~R

n̂~R,↑n̂~R,↓ + λ
∑
~R

~L~R
~S~R. (2.1.6)

The interplay of electronic correlation strength U/t and SOC strength λ/t gives rise to a
variety of different phases. A schematic phase diagram is displayed in Fig. 2.2 (b). It should
be emphasized that the lines shown are not necessarily meant as sharp boundaries and it
is not claimed to be complete. Roughly it can be divided into four quadrants. If both
rations are small, the system is a simple metal or a band insulator, depending on the band
filling. As already discussed in the previous section, increasing U/t leads to a Mott insulating
state. Regarding strong SOC strength and weak electronic correlations, the system turns
into a topological insulator or a semimetal. The largest regime drawn in die phase diagram
is characterized by high values of both U/t and λ/t. It is termed as spin-orbit coupled Mott
insulator and includes a wide range of different phases, e.g. spin liquids and topological Mott
insulators.

The strength of SOC can be quantified by calculating the resulting spin-orbit gap ∆SO
using the Landé interval rule [64]. It is defined as the splitting between neighboring atomic
fine structure levels with a total angular momentum J and J−1, respectively, and Ĵ = L̂+ Ŝ:

∆SO = ∆EJ −∆EJ−1 ∝
λ

2 (J(J + 1)− (J − 1)J) = λJ (2.1.7)

Here, ∆EJ and ∆EJ−1 are the energy shifts of the respective energy level due to SOC [65].
So far the α-Sn/Si(111) phase was considered as a prototypical 2D Mott system with a

phase transition temperature of ∼ 70 K [66]. Density functional theory (DFT) calculations
yield a Hubbard U = 0.60 eV and the electronic hopping parameter t = 52.7 meV, confirming
the strong electronic correlations of this system [21]. Influences of SOC were not taken into
account because the spin-orbit gap scales with Z4. Thus, ∆SO = 0.8 eV for Sn atoms is
relatively small compared to, e.g., Pb atoms, which are well-known to show a pronounced
effect of SOC (∆SO = 2.0 eV) [67, 68]. However, as described in chapter 6, it turned out
that indeed it is not negligible but gives rise to a small Rashba-type spin splitting of the
surface state (cf. chapter 3.3.1). Therefore the α-Sn phase should rather be termed a weakly
spin-orbit coupled Mott insulator.

2.1.3 Influence of doping on Mott insulators
As already pointed out in chapter 2.1, for a Mott transition, a half-filled band is essential.
Any deviation in the electron density may lead to a collapse of the insulating state resulting in
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Chapter 2 Metal-insulator transitions

Figure 2.3: Schematic picture showing (a) the Mott insulating gap of Sr2IrO4 and (b) the evolution
of the chemical potential with Rh doping. (c) ARPES band maps of Sr2IrO4 (left) and
Sr2Ir0.85Rh0.15O4 (right) showing a chemical potential shift of ∆µ ∼ 200 meV due to
doping. All images are taken from [69].

a metallic ground state. This topic has been intensely studied for more than 20 years in order
to take advantage of this behavior. Prominent examples are cuprate oxides which can be hole
doped to induce a Mott-type MIT and turn into high-temperature superconductors upon even
further doping. An extensive review on these materials and their investigation with angle-
resolved photoemission spectroscopy (ARPES) experiments can be found elsewhere, e.g., [70].
Other oxide compounds such as titanium oxides show similar phase transitions from Mott
insulators to a Fermi-liquid behavior, eventually resulting in charge-transfer insulators [71].
In all of these cases, the doping was carried out via changing the stoichiometry of the oxide
compounds.

A different approach was made by Cao et al. [69]. They doped the Mott insulator Sr2IrO4
by substitution of iridium atoms with rhodium atoms forming a hole-doped Sr2Ir(1−x)RhxO4
compound series. The hole-doping is not a result of a difference in electrons as Ir and Rh
are isovalent since they are in the same group in the periodic system. It is rather caused by
the reduced SOC of Rh that is due to the lower atomic number Z and leads according to
Eq. 2.1.7 to a reduced fine structure splitting [72]. A concentration of 4% Rh is sufficient for
a drop in resistivity of 104, although the long-range magnetic order survives until 15% Rh.
The mechanism behind the phase transition to a metallic state is a shift in chemical potential
µ. For the parent compound, µ is in the Mott insulating gap opened up between LHB and
UHB. Upon doping with Rh, µ shifts to lower energies, eventually reaching the LHB. These
situations are schematically visualized in Figs. 2.3 (a) and (b). It was verified by ARPES
measurements that confirm a shift of ∆µ ∼ 200 meV resulting in a metallic state for a doping
concentration of 15% Rh (see Fig. 2.3 (c)).
Up to now, only hole-doping was considered. However, doping with electrons is also pos-

sible as seen in the case of the weakly spin-orbit coupled Mott insulating parent compound
Sr3Ir2O7. It is done by substitution Sr2+ ions with La3+ ions leading to a (Sr(1−x)Lax)3Ir2O7
compound series. A robust metallic state is observed at a doping concentration of 4% La
[74] or 5% La [75]. At intermediate concentrations 0 < x < 4% La the Mott insulating state
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2.1 Mott transition

Figure 2.4: STM topography of (Sr(1−x)Lax)3Ir2O7 at U = 300 mV and dI/dV spectra obtained on
a grid in each topography for (a), (b) partly insulating x = 3.5% and (c), (d) metallic
x = 4.8% samples. Representative numbered points are labeled in each map and the
corresponding dI/dV spectra are emphasized as solid lines. For the x = 3.5% sample
both fully gapped and gapless spectra are observed, while for x = 4.8% the surface
exhibits homogeneous gapless states. Images are taken from [73].

is fragmented into nanoscale regions showing either metallic or insulating character. This
was shown in scanning tunneling spectroscopy (STS) measurements obtained on a grid in
STM topographies of (Sr(1−x)Lax)3Ir2O7 samples with x = 3.5 and x = 4.8, as displayed
in Fig. 2.4. For the lower dopant concentration, both fully gapped and gapless spectra are
observed, which confirm a phase-separated ground state. At concentrations above x ≈ 4%, a
homogeneous metallic ground state is present, and only gapless spectra are measured [73].
Recently, the α-Sn/Si(111) system studied in this thesis got attention regarding the effect

of doping. Ming et al. [46] successfully hole-doped the half-filled dangling bond orbitals of
the Sn atoms. To accomplish their goal, they introduced excess charges by using differently
n- and p-type doped Si(111) substrates resulting in identical STM images of the α-Sn phase
no matter which substrate was used. However, even for highly n-doped samples electron
doping was suppressed by a subsurface region where dopant conversion took place during
high-temperature annealing in an ultra-high vacuum (UHV) environment [27, 76–78]. In-
stead, the highly n-doped samples show a STS spectrum as it would be expected for an
undoped Mott insulator featuring LHB and UHB with a 0.2 V Mott gap in between. Thus
the excess electrons of the substrate are partially compensated by localized defect states (see
supplemental material of [46]). At low n-doping concentrations a quasi-particle peak (QPP)
evolves centered about 0.1 eV above EF. Its intensity increases with increasing hole-doping,
as displayed in Figs. 2.5 (a). It reaches a maximum for p-doped substrates with a room-
temperature (RT) resistivity of 0.001 Ωcm that corresponds to a hole-doping level of about
10%, where segregated boron atoms form a (

√
3 ×
√

3) superstructure below the topmost
silicon layer (labeled as “B

√
3” in Fig. 2.5 (a)). For this high dopant concentration, the

spectral features (UHB, LHB, and QPP) are spatially uniform, and hence they do not show
any competing nanophases like the intermediately-doped iridate oxides [73]. The dispersion
relation along the ΓKM and ΓM directions for the QPP on the B

√
3 determined both exper-

imentally and theoretically is depicted in Figs. 2.5 (b) and (c), respectively. Furthermore, a
distinctive hallmark of a Mott insulator is observed in the STS spectra, namely the spectral
weight transfer from LHB and UHB to the QPP upon hole-doping (see Fig. 2.5 (d)) [46].
In chapter 7 another approach was chosen for doping the α-Sn/Si(1111). The 2D Mott-

insulating phase was confined to small stripes by the use of a vicinal substrate as a template.
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Chapter 2 Metal-insulator transitions

Figure 2.5: (a) dI/dV spectra measured at 77 K for the α-Sn phase grown on differently doped
Si(111) substrates. The labels refer to their doping type and resistivity, e.g. “n-0.002”
is n-doped with a RT resistivity of 0.002 Ωcm. “B-

√
3” is the substrate with the highest

p-doping, where segregated boron atoms form a (
√

3 ×
√

3) superstructure below the
topmost Si layer. The spectra are offset vertically for clarity; horizontal tick marks on
the dashed vertical line at zero bias indicate the origin for each curve. Dispersion relation
of the QPP extracted from Fourier transformed bias-dependent differential conductance
maps along the (b) ΓKM and (c) ΓM directions. Red dots refer to experimental mea-
surements, black dots represent theoretical results. (d) Relative intensities of the UHB,
LHB, and QPP highlighting the spectral weight transfer. Numbering refers to the curves
in (a), counted from bottom to top. All pictures are taken from [46].

By this means, the structure is doped by Sn excess coverage adsorbed in the step edges
which provide binding sites with electronic properties different from the flat surface, leading
to partially ionized atoms. Similar doping characteristics have been reported in the case of
Ag nanowires on Si(557), resulting in an effective electron-doping of the surface [79].

2.2 Peierls instability
The Peierls metal-insulator transition leads to an insulating phase with a periodic lattice
distortion below a certain transition temperature. The mechanism behind the transition will
be explained in the following, based on the book of Rudolf Peierls [30].

The Peierls MIT can be visualized most easily by a 1D atomic chain. The atoms are
equidistant with a lattice constant a, which means the boundaries of the surface Brillouin
zone (SBZ) are at k = ±π/a. Assuming one electron per lattice site and a sufficient overlap
between neighboring electron orbitals results in a half-filled cosine conduction band, as shown
in Fig. 2.6 (a). Coulomb interaction is neglected in this case. The Fermi wavenumber is
kF = π/2a. If electron-phonon interaction is present, decreasing the temperature leads to a
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Figure 2.6: Model of a one-dimensional atomic chain (a) above and (b) below the transition tem-
perature Tc, and the corresponding bandstructures. Grey circles denote atoms, black
circles are electrons. Below Tc a lattice distortion occurs leading to a charge-density
modulation. The SBZ is resized and a band gap 2∆ opens up. The back-folded bands
are depicted by dashed green lines. Adapted from [80].

periodic lattice distortion of the chain. Thus a charge density modulation arises. It forms a
new unit cell with a size of 2a containing two electrons. Concerning the bandstructure, this
means a resizing of the SBZ to k = ±π/2a. Hence the boundaries of the SBZ coincide with
kF and a band gap 2∆ opens up at EF (see Fig. 2.6 (b)). Consequently, the system turns
into an insulator [80].
This kind of metal-insulator transition takes place only if the gain in energy due to the

band gap outweighs the energy loss by the distortion of the chain. A detailed analysis of the
energetic contributions can be found elsewhere, e.g., [81]. Furthermore, it is not restricted
to half-filled bands. The transition may as well occur for kF = πn/2a with the number
of electrons per unit cell n < 2. The resulting insulating chain develops a periodic lattice
distortion with a wavelength of 2a/n [30].

One of the systems showing a temperature dependent Peierls transition from a conducting
RT to an insulating low-temperature (LT) state is the In/Si(111)-(4 × 1) reconstruction.
This reversible change was first reported by Yeom et al. [31], whose STM images display
a structural change of the indium reconstruction during cooling. Compared to RT, the LT
phase imaged at ∼ 65 K features a pronounced ×2 periodicity in the direction along the
chains. Furthermore, the interaction of neighboring chains leads to an additional periodicity
doubling in the direction perpendicular to the chains, that was formerly misinterpreted as a
random phase mismatching. Hence, the (4 × 2) phase, as Yeom et al. termed it, actually is
a (8 × 2) reconstruction. Nevertheless, this was a pioneering work that paved the way for a
comprehensive and still ongoing characterization of the phase transition. For instance, the
possibility of photo-inducing the MIT was recently shown [82, 83].
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Chapter 2 Metal-insulator transitions

Figure 2.7: (a) SPALEED pattern taken from Ref. [84] and (b) STM image of the RT (4×1) phase.
Three rotational domains are indicated with red arrows. (c) Filled and (d) empty states
high resolution STM images taken at T = 135 K, V = ∓0.15 V and I = 20 pA, both
taken from Ref. [85]. Open circles mark charge-density maxima of the empty state
image.

In Fig. 2.7 (a) the spot profile analysis LEED (SPALEED) pattern [84] of the (4 × 1)
reconstruction is displayed. Red arrows indicate three domains rotated against each other
by 120 ◦, due to the C3v symmetry of the underlying Si(111) substrate. These domains are
separated by domain boundaries that are visible in a large scale STM image, as seen in Fig.
2.7 (b). In order to get a closer insight in the atomic structure, high resolution STM images
were taken at bias voltages close to EF, measuring either filled or empty states (Figs. 2.7 (c)
and (d), respectively). They reveal that one chain of the (4×1) reconstruction consists of two
indium rows parallel to each other. Charge density maxima (marked by circles) are located
at the same position for both filled and empty states. It indicates gapless states and thus a
metallic nature of the surface [85].
Cooling down the sample well below the critical temperature Tc ≈ 120 K, the In surface

reconstruction undergoes a phase transition to the LT phase. In the SPALEED image (see
Fig. 2.8 (a)) pronounced ×8 diffraction spots appear in the direction perpendicular to the
chains. It accompanied by ×2-streaks in the parallel direction, that do not appear as sharp
spots due to the coexistence of two degenerate (8×2) structures [87, 88]. The high resolution
STM images clearly show the periodicity doubling along the chains (cf. Figs. 2.8 (b) and
(c)). Besides, especially in the filled state’s image, it becomes evident that across the chains,
the unit cell is doubled in size as well compared to the RT phase. The oval-shaped charge
density maxima of adjacent chains are tilted against each other due to interchain interactions.
Comparing charge density maxima of filled and empty states, it is noteworthy that they are
not at the same positions, like at RT. This already hints towards an insulating behavior of
the surface.
The structural phase transition is accompanied by an electronic phase transition, which

can be verified by STS and transport data. I(V ) curves taken at different temperatures above
and below the MIT are displayed in Fig. 2.8 (d). At RT the system clearly shows metallic
behavior, whereas at LT, i.e., 40 K, it is an insulator. For a moderate temperature of ∼ 110 K,
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2.2 Peierls instability

Figure 2.8: (a) SPALEED pattern of the LT (8 × 2) phase with T = 80 K and E = 130 eV. The
×8 diffraction spot and the ×2 streak are highlighted in orange and green, respectively.
Three rotational domains are indicated with red arrows. Image is taken from Ref. [84].
(b) Filled and (c) empty states high resolution STM images measured at T = 135 K,
V = ∓0.30 V and I = 30 pA, both taken from Ref. [85]. Open circles mark charge-
density maxima of the empty state image. (d) STS spectra taken at RT (black), 40 K
(red) showing the metallic or insulating behavior of the (4× 1) or (8× 2), respectively.
The green and blue I(V ) curve are measured at 110 K, where both phases were present
on the surface; taken from Ref. [86].

both phases are simultaneously present on the surface. They are easily distinguishable due
to a different contrast in STM and their STS spectra resemble either the ones taken at RT or
LT, respectively [86]. Furthermore, the electrical conductivity observed in 4pp measurements
exhibits a sharp decrease upon cooling below Tc [89]

According to the structural model presented in Fig. 2.9 [90], the (4× 1) reconstruction of
the RT phase consists of two zigzag-shaped indium rows, as well as a chain of silicon atoms,
which separates these nanowires. This incorporation of substrate atoms into the indium
reconstruction leads to the formation of bilayer-deep holes on the formerly flat surface, with
a flat bottom that is covered with the (4× 1) phase as well [91, 92]. It is visible in large scale
STM images, e.g. in Fig. 2.7 (b). During cooling below the phase transition temperature,
the zigzag arrangement of the indium atoms gets slightly deformed. Instead, a hexagonal
structure develops with a (8×2) unit cell. This rearranging leads to a Peierls-like periodicity
doubling, and thus it is accompanied by the opening of a fundamental band gap [90]. Further
studies reveal that this transition involves not only one surface band but in total three of
them. ARPES data show a Peierls-like gap opening of one band that is half-filled above Tc.
Additionally, two other quasi-1D metallic bands evolve into a single insulating band during
the phase transition [93].
The phase transition, as described so far, is well-known to rather occur in a certain tem-

perature range than on a specific value. For instance, in STM measurements, both phases
can be observed at the same temperature on a nanometer scale [86, 94, 95]. Besides, Tc
strongly depends on the sign of the temperature change, i.e., if the sample is heated or
cooled across the MIT. A high-resolution LEED study reported a hysteresis of the (8 × 2)
diffraction spot intensities during thermal heating and cooling cycles, which has a width of
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Chapter 2 Metal-insulator transitions

Figure 2.9: Schematic picture showing the atomic structure of the (a) (4× 1) zigzag chains and (b)
(8 × 2) hexagonal phase of In/Si(111). Red and gray balls indicate indium and silicon
atoms, respectively. Images taken from Ref. [90].

WH ≈ 10 K, independent from the rate of temperature change [84]. This was confirmed by
conductivity measurements done with a 4pp system in a linear arrangement using as well
different temperature changing rates, i.e., ∓1 K/min and ∓2.5 K/min [88]. Upon cooling,
the sheet conductivity exhibits a rapid increase below T1 ≈ 119.1 K, while during heating,
the threshold phase transition temperature is significantly higher, namely T2 ≈ 127.5 K.
This results in a thermal hysteresis with WH ≈ 8 K, as shown in Fig. 2.10 (a) and in its
close-up of the region around T ∼ 120 K in Fig. 2.10 (b). By comparison with previous data
[96], the actual value of Tc, where both phases have equal free energies, was calculated to be
126.5 K. Moreover, the presence of surface steps may influence the apparent phase transition
temperatures, which will be addressed in the next section in more detail.

2.2.1 Influences of surface steps on the Peierls transition
Surface steps play an important role for the In/Si(111)-(4 × 1) reconstruction. Already at
RT, their influence is visible, since a preferred growth direction for the (4× 1) domains can
be induced even for samples with just a slight miscut from the flat Si(111) orientation. For a
miscut in [112] direction, the three rotational (4× 1) domains remain approximately equally
distributed on the surface despite the presence of step edges, as shown in the STM images
in Figs. 2.11 (a). However, if the opposite miscut direction is chosen, i.e., [112], only a single
domain is observed, which runs parallel to the surface step [97], see Fig. 2.11 (b). This is
attributed to the nearest distance between an In adatom on a chain running parallel to the
step edge and the adjacent Si atom on the step edge. It was calculated to be 0.442 nm or
0.558 nm for the [112] or[112] miscut direction, respectively, with the single-domain growth
favored for the closer proximity case. Structural models of both miscut types are provided
in Fig. 2.11 (c) and (d). If the terrace size exceeds ∼ 30 nm, the influence of the step edges
is no longer noticeable, and the formation of all three rotational domains sets in [97]. This
behavior is often exploited to grow large single-domain In/Si(111) samples, using miscut
angles between 1 ◦ and 4 ◦ [25, 98, 99].
The question now arises, whether the substrate steps influence the phase transition temper-

ature as well. Hatta et al. [88] already suggested the presence of step edges alters the thermal
hysteresis of the sheet conductivity seen on indium chains grown on a flat Si(111) substrate.
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2.2 Peierls instability

Figure 2.10: (a) Transport data acquired on a triple-domain In/Si(111) sample during cooling (blue)
and heating (red) at rates of∓1.0 K/min (solid curves) and∓2.5 K/min (dotted curves).
Inset shows the temperature change for ∓1.0 K/min. (b) Closeup of (a) around T =
120 K. The temperatures of the rising edges are highlighted (solid black lines) as well
as Tc ≈ 126.5 K (dashed black line). (c) ρ(T ) curves for a single-domain sample with
a substrate miscut of 2 ◦ measured at a rate of 1.2 K/min. The inset shows a closeup
around T = 120 K and the positions of T1 and T2. All images are taken from Ref. [88].

Figure 2.11: RT STM images of (4 × 1)-In on vicinal substrates with opposite miscut direction,
namely (a) 4 ◦ in [112] (V = −1.1 V, I = 60 pA) and (b) 6 ◦ in [112] (V = −1.5 V,
I = 100 pA). Insets are close-up images of the areas indicated by dashed rectangles
displaying either three rotational domains or a single-domain structure. (c) and (d)
Structural models corresponding to the two miscut directions, adapted from [97]. Green
and gray balls are indium or silicon atoms, respectively.
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Chapter 2 Metal-insulator transitions

In general, the thermal hysteresis behavior in first-order phase transitions is due to the slow
kinetics relative to the quick change in temperature during the measurement [96]. Hence, for
a homogeneous nucleation process of both the high- and low-temperature phase, the onset
of the phase transition shifts to lower temperatures during cooling, i.e., supercooling, and to
higher temperatures during heating, leading to a superheating behavior.
In the case of In/Si(111), the supercooling is indeed observed, since the (8× 2) reconstruc-

tion nucleates homogeneously inside the (4× 1) domains. On the other hand, upon heating,
the phase transition starts significantly below Tc, and it is almost completed at Tc; thus, the
superheating is mostly suppressed [88]. Therefore, the shift of T2 to a value close to Tc (see
Fig. 2.10 (b)) occurs due to a heterogeneous nucleation process during heating. Surface steps
that are present even at nominally flat surfaces act as a source for this heterogeneity. In the
vicinity of steps, the interchain coupling between neighboring (4× 1) chains is altered, which
leads to a local destabilization of the (8 × 2) phase. Thus upon heating, the chains close to
a step undergo the phase transition at lower temperatures compared to flat areas, and with
increasing temperature, the (4× 1) domains gradually expand into the terraces [88, 100].
As a proof for this assumption, transport measurements with a linear probe arrangement

were carried out using a slightly vicinal substrate, i.e., 2 ◦ miscut from [111] towards the [112]
direction, that exhibits a single-domain (4 × 1)-In reconstruction at RT (see Fig. 2.10 (c)).
Indeed, due to the higher density of steps compared to the nominally flat surface (Fig.
2.10 (b)), the phase transition temperature during heating T2 decreases significantly by more
than 6 K to value of 121 K, while T1 stays almost constant. Hence the hysteresis width
decreases as well [88].
The research on this topic was continued in the course of this thesis. Using an even more

inclined substrate with a miscut of 4 ◦ towards the [112] direction, transport measurements
revealed an additional effect of the surface steps on the formation of the (8× 2) phase during
cooling (see chapter 5). Since the low-temperature phase preferentially nucleates inside the
(4× 1) domains, this influence is only detectable for sufficiently small terraces.

2.3 Spin-orbit density wave
A rather exotic and yet quite unacquainted phenomenon in surface science is the so-called
spin-orbit density wave (SODW). The theoretical description was first proposed in 2012 by
P. Riseborough [101, 102] and T. Das [103] as an explanation for the “hidden-order” phase
of the heavy fermion metal URu2Si2 [104–106]. Subsequently, it was extended to 2D electron
gases, such as the surface state of BiAg2 [107, 108], and was eventually applied to quasi-
1D nanowires like Pb/Si(557) [41, 109]. Basically, the theory predicts the formation of a
finite insulating gap owing to the interplay of SOC and electronic interactions, which will be
explained in more detail in the following, according to a review paper by T. Das [110].
The previous chapter 2.2 already gave insight into the formation of a CDW due to electron-

phonon interaction. In this connection, a band gap is opened at the edge of the reduced SBZ
obeying the relation G = 2kF, where kF is the Fermi wavenumber. G is the reciprocal
wavevector corresponding to the potential VG that deforms the lattice, which is called Fermi
surface nesting vector.
The situation leading to the formation of a SODW as a ground state is similar to a certain

degree. In this more exotic case, Fermi surface nesting occurs between two SOC split bands.
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Figure 2.12: (a) Bandstructure of free Rashba bands with opposite spin polarization ↑ (red) and
↓ (blue). (b) Correlated bandstructure with SODW. If two Fermi surface nestings
simultaneously occur between the two helical states, a band gap 2∆ is opened and the
SBZ is resized. Backfolded bands are drawn with dashed lines. Adapted from [110].

The resulting distinct order parameter is the SODW, which breaks the translational symmetry
while preserving time-reversal symmetry in most cases. The SODW arises in different orbitals
which are entangled to each other by the intrinsic SOC of the system [109]. This scenario is
schematically drawn in Fig. 2.12.
Thus, the occurrence of the SODW is limited to systems displaying intrinsic SOC with the

presence of at least two spin-orbit split bands. Furthermore, SOC strength needs to be larger
than the inter-orbital Coulomb strength in order to prevent the formation of a typical spin
density wave (SDW). Nevertheless, the Coulomb interaction has to exceed a non-zero critical
value [109]. The SODW strength is represented by the size of the band gap 2∆. Unlike in,
e.g., topological insulators, zero gapping does not exist. Instead, a finite gap protects the
SODW phase against external perturbations and spin dephasing [107]. By this means, the
spin order of the system is quite robust, while the spin polarization is tunable via electronic
correlation strength [109].
A system hosting a SODW at low temperatures is Pb/Si(557), which switches reversely

from a 2D weakly anisotropic temperature activated conductance regime to a quasi-1D metal-
lic state in the direction parallel to the nanowires upon cooling below a critical temperature
of Tc ≈ 78 K [42, 111]. It is caused by the local (223) surface orientation induced by a Pb
coverage of 1.3 ML. This introduces a new reciprocal lattice vector g = 2π/d = 0.4 Å−1 in the
direction perpendicular to the nanowires, with the distance d = 1.58 nm between adjacent
Pb nanowires. It fulfills the nesting condition 2kF = g between the spin-polarized bands.
Furthermore, spin polarized ARPES measurements revealed the quasi-Fermi surface, i.e., the
constant energy map (CEM) at finite energies close to EF, is governed by Pb induced surface
states, which are elliptically shaped and show an alternating spin texture with a pronounced
Rashba-splitting of ∆k = 0.2 Å−1 in [112] direction, that exactly corresponds to g/2 (see
Figs. 2.13 (a) and (b)) [112, 113]. This leads the formation of a SODW, which opens up a
transport gap in the order of 2∆ = 20 meV in the direction perpendicular to the nanowires
[112]. The resulting SBZ shown in Fig. 2.13 (d) includes replica bands from all Γ points [41].

The robustness of the SODW phase against external perturbations was confirmed by adding
small amounts of Pb excess coverage. As shown in Fig. 2.13 (c), the correlated spin-orbit
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Chapter 2 Metal-insulator transitions

Figure 2.13: (a) Momentum distribution curve of Pb/Si(557) measured at E = EF− 100 meV along
the [112] direction. (b) Spin polarization components obtained with Mott detectors.
Panel (a) and (b) are taken from Ref. [113]. (c) Peak-to-peak maximum values of the
three spin polarization components as a function of excess coverage; taken from Ref.
[41]. (d) Quasi-Fermi surface of 1.3 ML Pb/Si(557) including replica bands from all Γ
points; adopted from [41].

ordering remains robust up to ∆θ = 0.2 ML [41].
Within the scope of this thesis, the structural and electronic properties of the 1.3 ML Pb

phase on Si(557) were further investigated by means of STM and STS (cf. chapter 8). A new
structural model is proposed based on high-resolution STM images, which additionally gives
insight into the adsorption sites of excess Pb atoms. The adsorption of ∆θ = 0.2 ML Pb
induces a metallic state in the vicinity of the step edge, eventually leading to a break-down
of the insulating SODW state at low temperatures.
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Chapter 3
Experimental methods

This chapter introduces the main experimental methods used in the course of this thesis.
These are scanning tunneling microscopy (chapter 3.1), low energy electron diffraction (chap-
ter 3.2), as well as spin- and angle-resolved photoemission spectroscopy (chapter 3.3).

3.1 Scanning tunneling microscopy
For gaining insight into structural properties on the atomic scale, the scanning tunneling
microscope (STM) is a commonly used technique. Since its invention in 1981 by Binnig and
Rohrer [114, 115], it has become indispensable for surface science investigations. The basic
working principle will be explained in the following.
During STM measurements, a sharp metal tip scans at a defined distance above the sample,

as shown in Fig. 3.1 (a). By applying a bias voltage V between tip and sample, a so-called
tunneling current I is flowing. The electrons contributing to it overcome the potential barrier,
caused by the finite distance separating tip and sample, due to the quantum mechanical tunnel
effect. If a negative bias is applied, electrons tunnel from the sample’s filled states to the
empty states of the tip; for a positive bias, the current flows from the tip’s filled states to the
sample’s empty states. The latter case is schematically depicted in Fig. 3.1 (b), assuming a
distance d between tip and sample.

Figure 3.1: (a) Schematic drawing of the basic components of a STM. (b) Schematic potential
diagram in case of a positive bias applied to the sample. Both pictures are adapted from
[116]
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3.1.1 Tunneling current
In order to calculate the tunneling current, the tunneling probability τ of elastic tunneling
processes has to be considered. It depends on the tunneling matrix elementMµν [117], which
describes the electron’s transition probability to change between states ψµ to ψν with energies
Eµ and Eν , respectively, following the relation

τ = 2π
~
|Mµν |2 δ (Eµ − Eν) ≈ 16E(φ− E)

φ2 exp(−2κd). (3.1.1)

The right side of this equation approximates τ in terms of the quantum mechanical trans-
mission probability of an electron with energy E tunneling through a barrier having a width
d and a average height

φ = φtip + φsample
2 , (3.1.2)

depending on the workfunctions φtip and φsample of tip and sample. The inverse decay length
is given by

κ =
√

2mφ
~2 − E + eV

2 . (3.1.3)

It clearly shows the current’s exponential dependence on the tip height, since this defines the
barrier width in the case of a STM. The measuring mode that was mainly used within the
scope of this thesis, the so-called constant current mode, is thus able to detect even small
deviations in the distance between tip and sample. Accordingly, the tip height is adjusted via
a feedback loop that regulates piezo elements in order to keep the current constant. Thus,
the acquired STM image is based on the feedback loop signals.
Assuming low temperatures and small biases, I is simplified to [118–120]

I(V ) = 4π
~
e2V

∑
µν

|Mµν |2 ρtipρsample. (3.1.4)

Here, ρtip and ρSample are the local density of states (LDOS) of the tip or the sample at
EF, respectively. Further simplification is done by assuming ρtip to be constant, which is
reasonable for single atomic metallic tips, resulting in [120]

I(V ) ∝
∫ eV

0
ρsample(E)τ(E, eV )dE. (3.1.5)

Hence, the tunneling current depends only on the bias voltage V , energy E and the LDOS of
the sample ρsample. Since the the tunneling parameters I and V can be accurately determined
during STM measurements, the acquired topographic images resemble the spatially resolved
integrated LDOS of the sample.

3.1.2 Scanning tunneling spectroscopy
A second technique a STM can be used for is scanning tunneling spectroscopy (STS). It
gives more insight in the LDOS of the sample. For acquisition of STS data, the tip is placed
at a specific position, and the bias voltage is ramped over a certain voltage range, while the
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3.1 Scanning tunneling microscopy

(a) (b)

Figure 3.2: Sketch of the (a) 2pp and (b) 4pp transport measurement in a collinear arrangement
with equidistant probe spacing. Images are taken from Ref. [122].

tunneling current I is measured. In this case, the feedback loop is open, since the tip is
supposed to remain at the same height. According to Equation 3.1.5, the measured I(V )
curves are proportional to the integrated LDOS of the sample. Hence, its derivative

dI
dV ∝ eρsample(eV )τ(eV, eV ) +

∫ eV

0
ρsample(E) d

d(eV )τ(E, eV )dE (3.1.6)

gives access to the LDOS [120, 121]. It is usually acquired using a Lock-In technique, that
yields a better signal-to-noise ratio than numerical calculations. However, it diverges expo-
nentially both in V and d, which tends to mask the LDOS features [121]. It order to eliminate
this, the ratio of differential to total conductivity is calculated,

dI/dV
I/V

∝
ρsample(eV ) +

∫ eV
0

ρsample(E)
τ(eV,eV )

d
d(eV ) (τ(E, eV )) dE

1
eV

∫ eV
0 ρsample(E) τ(E,eV )

τ(eV,eV )dE
, (3.1.7)

where τ(E, eV ) and τ(eV, eV ) appear as ratios and tend to cancel their exponential depen-
dences on the voltage and distance [121]. The second term in the numerator is a background
term, while the denominator provides a normalization of the LDOS. For V > 0, all terms
of Equation 3.1.7 are in the same order of magnitude, resulting in a normalized LDOS with
slowly varying background. In case of V < 0, both the denominator and the background term
are in the same order of magnitude, which is larger than the LDOS term. Thus, especially
low-lying filled surface states are difficult to probe by means of STS [121].

3.1.3 4pp transport measurements
A further application of STM is the use of the tips as an ohmic contact for measuring transport
properties of solids. The data of the (4× 1)-In/Si(111) reconstruction discussed in chapter 5
was acquired by a four-point probe (4pp) STM (cf. chapter 4.3), where either two or all four
probes served as a contact in order to determine the resistance R of a sample.
Although two-point probe (2pp) measurements seem to be more intuitive as 4pp, the latter

is more precise. During a 2pp measurement, the two probes simultaneously impinge a current
I and measure the corresponding voltage drop V , as sketched in Fig. 3.2 (a). Indeed, this
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method does not only measure the sample resistance Rsample, but includes the resistances of
the probes Rprobe and the contacts Rcontact as well, following the relation

R = V

I
= 2Rprobe + 2Rcontact +Rsample. (3.1.8)

Hence, the knowledge of Rprobe and Rcontact is necessary for determining the exact value of
Rsample. However, they usually can only be estimated as they differ for every contacting.
In the 4pp case, the probes only either serve as a current injecting probe, or they measure

the voltage drop (see Fig. 3.2 (b)). As for the latter, the current flowing through is basically
zero, and the measured resistance is equal to the Rsample. Therefore, with a 4pp configu-
ration, the resistance of the sample can be determined much more precisely than in a 2pp
measurement, and it will be preferentially used in the following.
Furthermore, if the geometry of the examined sample as well as Rsample is known, intrinsic

properties such as the resistivity ρ or the conductivity σ = 1/ρ can be calculated. For the
systems investigated within this thesis, the surface was covered by quasi-1D nanowire-like
structures, and thus it was highly anisotropic. This means, that ρ is not a scalar, but is
rather represented by three values ρx, ρy and ρz oriented along the x-, y- and z-axis of the
sample. Since the used silicon substrates are semi-conducting, the surface is considered to
be an infinite 2D sheet. Depending on the arrangement of the four probes, i.e., if they are
aligned linearly or as a square, the resistance measured in e.g. x-direction is described by the
equations [122]

Rx,linear = ln 2
πt

√
ρxρy (3.1.9)

Rx,square =
√
ρxρy

2πt ln
(

1 + ρx
ρy

)
, (3.1.10)

where t is the thickness of the sheet. In order to quantify the anisotropy present on the
surface, the resistance ratios Rx/Ry are calculated. As evident from Equation 3.1.9, for the
linear arrangement this value is always equal to 1, therefore this setup is not suitable for
determining the anisotropy. For the square arrangement, it results in

Rx
Ry

= ln (1 + ρx/ρy)
ln (1 + ρy/ρx) . (3.1.11)

Because of that, in order to gain insight in the anisotropy degree of a 2D surface by 4pp
measurements, the probes have to be arranged in a square geometry.

Rotational square method

For most samples measured by 4pp measurements, it is not easy to align the probes accurately
along the principal axes of the anisotropic surface. However, this is needed for Equation
3.1.11. An advanced approach is the rotational square method [123], which is more suitable
for calculating the correct values of the resistivity components even for unknown anisotropy
orientations.
As depicted in Fig. 3.3 (a), for the rotational square method, a 4pp square arrangement is

rotated by an arbitrary angle θ with respect to the orientation of the resistivity directions ρx
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3.1 Scanning tunneling microscopy

(a) (b)

Figure 3.3: (a) Sketch of a 4pp square arrangement rotated by an angle θ = φ + 45 ◦ with respect
to the orientation of the resistivity directions ρx and ρy [124]. (b) Dependence of the
resistance on the angle θ for an anisotropic infinite 2D sheet with various anisotropy
degrees ρy/ρx. Images are taken from Ref. [122].

and ρy. The measured resistance R(ρx, ρy, θ) is now defined by the equation [122, 123]

R(ρx, ρy, θ) =
√
ρxρy

2πt ln

√√√√√√
(
1 + ρy

ρx

)2
− 4 cos θ sin2

(
1− ρy

ρx

)2

(
sin θ + ρy

ρx
cos2 θ

)2 . (3.1.12)

Exemplary for some resistivity anisotropy ratios, the resulting resistances are plotted in Fig.
3.3 (b). As obvious, the highest anisotropy is expected, if the square is aligned with respect
to the orientation of ρx and ρy, i.e., for θ = 0 and θ = 90 ◦. Furthermore, for high anisotropy
ratios ρy/ρx > 5 + 2

√
6 ≈ 9.9, a negative resistance is present for some values of θ, which is

explained by a deformation of the electrostatic potential [123].

Space charge layer

For n-type doped silicon substrates, which are used for the measurements presented in the
course of this thesis, it is well-known that surface states are decoupled from the bulk due
to the Schottky barrier [125]. However, it turned out that mobile excess charge carriers
are accumulated in the region close to the surface, forming the so-called space charge layer
(SCL), which alters the surface-near carrier concentration [25–27]. Especially for transport
measurements performed on atomically thin films adsorbed on these surfaces, it can have a
major impact on the acquired data, i.e., the conductivity of the sample. It will be explained
in the following based on the description published in [27, 124].
In general, the measured conductivity σ is the sum of all contributing current channels

[123, 126]
σ = σS + σSCL + σB. (3.1.13)
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Here, σS is due to the surface state bands originating from the topmost atomic layer, σSCL
stems from the SCL, and σB is the bulk contribution. In the course of surface science
investigations, primarily σS is desirable to determine. For quasi-1D systems such as the
(4× 1)-In/Si(111) reconstruction (cf. chapter 5), this is done by evaluating the conductivity
σ⊥, that is measured in the direction perpendicular to the nanowires. Thus, σ⊥ has no
contribution from the surface state, i.e., σS ≈ 0 in this direction, but is caused completely by
the bulk and SCL components.
The bulk-related conductivity σB is characterized by activated transport via bulk defects.

This isotropic hopping channel is modeled by a Boltzmann term,

σB ∝ exp
(
− ∆B
kBT

)
, (3.1.14)

that includes the activation energy ∆B. The second term needed for a precise determination
of the surface state conductivity, namely the space charge layer contribution, is actually
described by the sum of two parts,

σSCL = σiSCL + σpSCL. (3.1.15)

The first one, σiSCL, is due to the intrinsic SCL, the latter one (σpSCL) is the contribution
from the so-called parasitic sub-surface p-type SCL. The intrinsic SCL essentially depends
on the substrate doping, i.e., on the donor or acceptor concentration. It is caused by the
transferring of electrons from the bulk into the surface states or vice versa, depending on
the Fermi level at the surface and the type of surface states, i.e., acceptor or donors. The
resulting charge transfer is screened by an equivalent charge within the bulk material, hence
the iSCL is formed in the sub-surface region. It is calculated using the formula

σiSCL = e(µp∆p+ µn∆n), (3.1.16)

where ∆n and ∆p are the electron and hole concentrations across the iSCL, namely

∆n =
∫ ∞

0
(ni exp(u(z))−ND) dz (3.1.17)

and
∆p =

∫ ∞
0

(ni exp(−u(z))−NA) dz, (3.1.18)

with the donor and acceptor concentration ND and NA, the intrinsic carrier concentration

ni = 2
(
m∗kBT

2π~2

)3/2
exp

(
− Eg

2kBT

)
(3.1.19)

and the band gap energy Eg of the silicon substrate. Its mobilities, µn and µp, depend on
the temperature T and, in case of n-doped silicon substrates, the donor concentration ND (in
cm−3) present in the substrate, and are approximated by [127]

µn(T,ND) = 88
(
T

300

)−0.57
+ 7.4× 108T−2.33

1 +
(
ND/1.26× 1017

(
T

300

)2.4
)

0.88
(
T

300

)−0.146 (3.1.20)
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3.1 Scanning tunneling microscopy

Figure 3.4: Exemplary plots showing the dependence of (a) σiSCL on the donor concentration of
the bulk, ND, and σpSCL on (b) the acceptor concentration in the sub-surface layer,
NA, with a given space charge layer thickness of tSCL = 100 nm and (c) tSCL with
NA = 1 · 10−17 cm−3.

and

µp(T,ND) = 54.3
(
T

300

)−0.57
+ 1.36× 108T−2.23

1 +
(
ND/2.35× 1017

(
T

300

)2.4
)

0.88
(
T

300

)−0.146 . (3.1.21)

In order to highlight the dependence of σiSCL on the donor concentration of the bulk, exem-
plary curves of ND = 1 · 1018 − 1 · 1014 cm−3 are plotted in Fig. 3.4 (a). For n-type doped Si
substrates, the curves correspond to substrate resistivities in the range of 0.01 to 100 Ωcm.

The parasitic sub-surface p-type SCL is evoked by high temperature flash annealing of the
bare Si substrate, mainly done as a cleaning step prior to the nanowire growth. This leads
to irreversible changes of the doping type and its concentration [26], i.e., the former n-type
doping is locally replaced by a p-type layer, due to either boron diffusion or incorporation of
carbon contaminations as interstitial defects [77, 128]. The concentration of these acceptors
NA(t) decays exponentially towards the bulk,

NA(t) = NA exp
(
− t
λ

)
, (3.1.22)

with the concentration at the surface NA, the thickness t, and the decay constant λ that
is considered to be equal to the pSCL layer thickness tSCL, if NA is large compared to the
intrinsic n-type concentration ND. The hole concentration p as a function of t is modeled by
[129]

p(T, t,NA) = NA(t)
1 +

(
4 + 2 exp

(
− ∆
kBT

))
exp

(
EA−EF
kBT

) , (3.1.23)

where EA is the acceptor energy and ∆ is an empiric constant of the type of contamination
causing the p-type layer. By integration of the thickness t for capturing the depth distribution
of the acceptor states, the sheet conductivity σpSCL yields

σpSCL = e

∫ ∞
0

µp(T, t,NA)p(T, t,NA)dt. (3.1.24)
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Figure 3.5: (a) Ewald construction and (b) its modified version depicting the scattering conditions
applicable for optical LEED and SPALEED, respectively. (c) Schematic drawing of the
SPALEED setup; taken from Ref. [130].

In this connection, Equation 3.1.21 was used for the determination of µp(T, t,NA) with the
substitution of ND by NA(t). For visualization of the influence of the acceptor concentration
present in the sub-surface layer as well as the space charge layer thickness on the conductivity
σpSCL, exemplary curves varying either one are shown in Figs. 3.4 (b) and (c). Accordingly,
the shape of σSCL is significantly changed by modification of NA, while an increase of tSCL
merely leads to a shift to higher conductivity values.

3.2 Low energy electron diffraction

In the course of this theses, low energy electron diffraction (LEED) was mainly used for
checking the sample quality after the preparation of nanowire ensembles. It allows the deter-
mination of periodic structures on surfaces.
As already implied be the technique’s name, electrons with low energies, i.e., in the range

of 20− 300 eV, are accelerated from a filament and diffracted on the sample, giving rise to a
diffraction pattern on a phosphorus screen [131]. It is very surface sensitive since the mean
free path of these electrons in solids is only 0.6 to 1 nm [132]. The electrons’ wavelength
calculated by [133]

λ(Å) = h√
2meE(eV)

≈
√

150.4 eV
E(eV) , (3.2.1)
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are in the order of atomic distances. Thus, the technique is indeed suitable for investigations
on surface symmetries and possible superstructures of surface reconstructions. The resulting
diffraction spots obey to the Laue equation

~K = ~kf − ~ki = ~G, (3.2.2)

that describes the relationship between the wavevector of the incoming and outgoing electron,
~ki and ~kf, respectively. ~K is the scattering vector, and ~G the reciprocal lattice vector of a 2D
lattice. Due to the surface periodicity, the part of ~K, which is parallel to the surface, i.e., ~K‖,
is only allowed to have discrete values. However, the perpendicular one, ~K⊥, is continuous,
caused by the lack of periodicity in this direction. This results in the so-called lattice rods
in reciprocal space. The diffraction spots seen in LEED can be determined by the Ewald
construction, depicted in Fig. 3.5 (a). At the crossing points of the Ewald sphere and the
lattice rods, a diffraction spot appears.
Two different types of this measurement technique were used in the scope of this thesis,

namely the optical LEED and the spot profile analysis LEED (SPALEED). In the case of
the former, the setup consists of a hot filament emitting electrons towards the sample. After
diffraction, the electrons are filtered by grids that are passed only by elastically diffracted elec-
trons, which are then accelerated on a phosphorus screen. In contrast to that, in SPALEED
the angle between incoming and outgoing electron beam is kept constant, while the electrons
follow a path determined by octopole plates (cf. Fig. 3.5 (c)). The scattering conditions are
slightly changed, generating a modified Ewald sphere, which is rolled out by changing the
octupole voltages, see Fig. 3.5 (b). The modified Ewald sphere is doubled in size; thus, the
SPALEED has larger access to reciprocal space. A further advantage of the SPALEED tech-
nique compared to optical LEED is the possibility to analyze the profile of the (00) diffraction
spot, that is hidden by the filament in the optical case.

3.3 Spin- and angle-resolved photoelectron spectroscopy
Today, many techniques in solid state physics are based on the photoelectric effect [134–136].
Common examples are X-Ray photoemission spectroscopy (XPS) for analyzing the chemical
composition or angle-resolved photoemission spectroscopy (ARPES) for mapping electronic
band structures. The latter was used in the scope of this thesis. Here, photons with an energy
hν hit a sample, while the kinetic energy Ekin of the resulting photoelectrons are analyzed.
According to the relation

EB = hν − Ekin − φ (3.3.1)

the binding energy EB of the photoelectron is calculated. Here, φ is the work function of
the sample. By rotation of the sample, a wide range in reciprocal space is accessible. Thus,
the band dispersion of the filled states is mapped. Moreover, different light polarizations,
such as linear (s or p) or circular(C+ or C−) can be used, e.g. in order to enhance the band
intensities.
Further development of this technology led to the possibility of studying the spin struc-

ture of a material by using the so-called spin-resolved photoelectron spectroscopy. First
experiments dealing with spin-polarized photoelectrons were performed after the theoretical
prediction of U. Fano in 1969 [137]. The Fano effect describes the ejection of spin-polarized
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electrons from a cesium atom by circularly polarized light, or, more generally, the spin-
polarized photoemission on non-magnetic systems. He later named the reason for this effect
spin-orbit coupling [138].
The following sections go into detail about the Rashba effect resulting in spin-polarized

bands as well as the influence of light polarization on the acquired SARPES data, with
particular focus on sample exhibiting a mirror axis.

3.3.1 Rashba effect
The Rashba effect is a momentum-dependent spin-splitting of the band structure caused by
2D systems [139, 140].
Since inversion symmetry in both space and time leads to spin degenerate electron and hole

states, the Rashba effect is present only in case of asymmetry of the crystal potential. Such
an inversion asymmetric potential exists, e.g., in the direction perpendicular to the crystal’s
surface. A schematic picture of the Rashba effect demonstrated on parabolic energy bands is
displayed in Fig. 3.6. The formerly degenerated states are shifted by ∆E = ±α~k, leading
to a constant energy surface consisting of concentrically shaped spin-polarized circles. The
resulting Hamilton operator [141],

ĤRashba = α
(
E× ~k

)
· σ̂, (3.3.2)

contains the unit vector of the electric field E, which corresponds to the gradient of the
potential and thus is perpendicular to the surface, the Pauli matrices σ̂ = (σx, σy, σz), as well
as the Rashba parameter α, which quantifies the strength of the Rashba effect. The latter is
proportional to the parameter of the atomic SOC λ, [142], and consequently follows α ∝ ∆SO
(cf. Equation 2.1.7).
In the scope of this thesis, two material systems displaying Rashba-split surface states are

discussed, namely Sn/Si(111) and Pb/Si(557) (see chapters 6 and 8). The spin-orbit gaps
∆SO of Sn and Pb are 0.8 eV and 2.0 eV, respectively [67, 68]. Hence the spin-splitting of
the insulating surface state due to the Rashba effect is expected to be smaller in case of
Sn/Si(111) as the value of ∆kPb/Si(557) = 0.2 Å−1 [113] for Pb/Si(557). This was confirmed
by SARPES measurement yielding ∆kSn/Si(111) ≈ 0.05 Å−1.
However, for systems with half-filled surface states, whose curvature severely effects the

effective mass of the charge carriers close to EF, higher-order terms have to be included as
a correction to the linear Rashba model. For instance, the SIC-Pb/Si(111) phase shows an
unconventionally small Rashba-splitting of kPb/Si(111) ≈ 0.04 Å−1, which is attributed to the
anisotropic effective mass of the surface state having strongly reduced values with respect to
the nearly-free electron gas [143, 144].

3.3.2 Influence of light polarization
Up to 1987, it was a common belief that only circularly polarized light could be used to eject
spin-polarized electrons from single atoms or surfaces (e.g., [146, 147]). This was proven wrong
by Tamura et al. [148–150], who did theoretical calculations based on symmetry arguments
and experiments with circularly, linearly, and unpolarized light. With all three kinds of light,
they were able to observe emission of spin-polarized electrons on metallic surfaces.
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Figure 3.6: Parabolic energy bands: In the presence of inversion and time reversal symmetries they
are spin-degenerate (left). If the inversion symmetry perpendicular to the plane is broken
by an external electrostatic potential V 6= 0 a Rashba-splitting occurs. In this case the
spins are momentum dependent due to SOC (right). Image is taken from Ref. [145].

(a) (b)

Figure 3.7: Photoionization reaction plane using (a) circularly polarized light with three components
of the spin polarization vector, and (b) unpolarized light with a spin polarization of
photoelectrons perpendicular to the plane. Images are taken from Ref. [151].

In order to investigate the influence of light polarization on the measured spin-polarization
in spin-resolved ARPES measurements, Heinzmann et al. [151] introduced a “reaction plane”.
For linearly polarized light, this plane is defined by the electric field vector ~E and the pho-
toelectron momentum [152]. Thus it depends on the polarization angle of the light. In the
case of circularly polarized light, it is defined by the momenta of photons and photoelectrons.
If the helicity of the radiation is reversed, the two spin-components in the reaction plane
switch their sign, since these are proportional to the degree of circular polarization [153].
The third spin-component, which is perpendicular to the reaction plane, remains unchanged,
as depicted in Fig. 3.7 (a). As unpolarized and linearly polarized light can be described by
an incoherent or coherent superposition of left- and right-handed circularly polarized light,
respectively, this third component should not be influenced by light polarization (see Fig.
3.7 (b)).
This was confirmed by measurements on Bi2Te3 with C+, C− and p-polarized light [154].

Note that the reaction plane is the same for these polarization directions. The spin compo-
nents Sx or Sy tangential to the Rashba-split band, which are perpendicular to the reaction
plane depending on the measurement direction, are the same for all three polarization di-
rections. The Sz component parallel to the reaction plane switched its sign dependent on
the polarization, due to the dipole selection rules. Sánchez-Barriga et al. [155] saw in their
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measurements on Bi2Se3 with photon energies between 50 eV and 70 eV as well that the Sx
or Sy components perpendicular to the reaction plane displays the initial spin state of the
system, regardless of whether C+, C− or p-polarized light was used.

However, spin-resolved ARPES measurements are not always easy to interpret. In systems
with a small Rashba-type spin-splitting, like the (

√
3 ×
√

3) reconstruction of Sb/Ag(111),
an intrinsic overlap between states with opposite spinors can be present. This causes an
apparent large spin polarization component normal to the quantization axis of the Rashba
effect seen in SARPES, independent on photon energy or its polarization [156]. It is possible
to distinguish between the Rashba-type spin polarization and the components due to the
overlap because the former typically crosses zero at the peak centers of the spin-integrated
momentum distribution curve (MDC) [157]. The spin polarization of the overlap produces
components with their maxima at the point of maximum overlap, which is at the center of
the MDC peak [156].

3.3.3 Spin-resolved measurements along a mirror axis

For crystalline surfaces used in spin-resolved ARPES measurements, the question arises
whether spin-components can be detected along a mirror axis and how the spin-polarization
of photoelectrons change in case of different light polarizations. To make it even more com-
plicated, the angle of incidence also plays a crucial role.
In systems with two mirror axis perpendicular to each other, i.e., in symmetry group Cnv

(n = 2, 4, 6), and assuming normal incidence of light and normal emission of the photoelec-
trons, no spin-polarization is allowed regardless of the light polarization [148]. This can be
explained by considering a single xz-symmetry plane, with z along the surface normal. The
mirror operation in spin space,

M = −iσy, (3.3.3)

prescribes for the spin-components in x and z direction Sx = Sz = 0, only allowing Sy 6= 0
[146]. Thus a second yz-mirror plane leads to Sy = Sz = 0, resulting in a vanishing spin-
polarization for k‖ = 0 [148].

However, in case of an arbitrary incidence angle Φ in the xz-plane, the yz-mirror symmetry
only remains for s-polarized light, since in this case ~E is parallel to the surface. For both p
and circular polarization, ~E breaks the symmetry of the yz-plane due to the angle Φ. Thus,
a finite Sy spin-component is possible [149].

If only one symmetry axis parallel to the measurement direction is present, e.g., along
the xz-plane with symmetry group C3v, the ejected photoelectrons are expected to show the
following spin-components [146, 149]:

Sx = Sz = 0 and Sy 6= 0 (3.3.4)

This result is based on the fact, that for circularly polarized light the mirror operation
reverses the helicity, and thus spin components in the surface plane are generally allowed. As
for linearly s- and p-polarized light only a finite Py component is allowed, the same is true
for circularly polarized light, which is a coherent superposition of s- and p- polarized parts.
So far, only circular, s-, and p-polarized light were considered. Additionally, Yaji et al.

[158] showed a strong dependence of the measured spin-polarization on the angle of linear
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3.3 Spin- and angle-resolved photoelectron spectroscopy

Figure 3.8: (a) Schematic drawing of the experimental geometry and a surface Brillouin zone with
a mirror plane along ΓM. The definition of the spin polarization direction is indicated.
It can be rotated continuously by angle θ, which is the angle between ~E of the linearly
polarized light and the mirror plane. (b) Total intensity of simulated (solid lines) and
experimental (dots) three-dimensional spin-polarizations of photoelectrons. Both figures
taken from [158].

polarization. Their measurement setup is drawn schematically in Fig. 3.8 (a). Along a mir-
ror axis, only p- and s-polarized light shows the values expected according to Eq. 3.3.4.
However, if the linearly polarized light has a polarization angle θ other than 0 ◦ or 90 ◦, all
three spin-components have finite values. Furthermore, a switch of sign in Sy between p-
and s-polarization based on parity is seen in their measurements (see Fig. 3.8 (b)). This
switch is explained by dipole selection rules: s-polarized light excites states that are anti-
symmetric to the mirror plane (φodd), p-polarized light excites the symmetric ones (φeven).
Spin-polarized bands may be made up of linear combinations of even and odd orbitals. Yaji
et al. treated systems like Bi(111), Bi2Se3 and W(110), for which they concluded the spin-
polarized branches consist of either φeven,↑ + φodd,↓ or φeven,↓ + φodd,↑, thus a spin-flip can be
expected. In other systems, e.g., Au(111), this spin-flip between measurements with s- and
p-polarized light is not observed [159]. This indicates their bands consist of the other two
possible linear combinations, φeven,↑ + φodd,↑ and φeven,↓ + φodd,↓.
In the course of this thesis, SARPES measurements were performed on α-Sn/Si(111) along a

direction which is a mirror plane for the structural (
√

3×
√

3) surface reconstruction, using C+

polarized light (cf. chapter 6.3). Therefore, the reaction plane coincides with the structural
mirror plane; hence, only a finite Sy component is allowed. Since in addition both Sx and
Sz components are detected by SARPES, the predicted spin-ordering causing an electronic
(2
√

3×
√

3) unit cell with three rotational domains was confirmed. For interpretation of the
spin data, it is worth emphasizing again that the light polarization may alter the sign of spin
components in the reaction plane but not their direction and amplitude.
Up to now, the discussion was restricted to the measured spin components. Apart from

that, in case of circularly polarized light, the helicity of the beam influences the total intensity
obtained in spin-integrated ARPES measurements owing to the so-called circular dichroism.
Since the photons are initially spin-polarized due to optical orientation, they have a higher
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scattering probability with electron carrying the same spin, resulting in a higher photocurrent
measured at the detector. Consequently, intensity asymmetries observed between spectra
using C+ and C− polarized light point towards spin-polarized surface states, although the
quantitative analysis requires the knowledge of the specific electronic states involved [160–
162].

36



Chapter 4
Experimental setup

In the scope of this thesis, material systems are investigated that are not stable in air. Hence
all measurements were carried out in an ultra-clean environment under ultra-high vacuum
(UHV) conditions. This minimizes the adsorption of defects and increases the quality of in-
situ prepared samples. The base pressure within the UHV chambers usually is approximately
10−10 mbar. The silicon samples used for the measurements were all first degassed at 500 ◦C
overnight and (unless otherwise stated) subsequently flashed to 1200 ◦C prior to their initial
preparation.
In total four different UHV chambers were used to perform STM, SPALEED, SARPES

and transport experiments, which will be explained in the following sections.

4.1 Scanning tunneling microscope
In the course of this theses, two different kinds of scanning tunneling microscopes (STM)
were used. For the investigations of Sn on both flat and vicinal Si substrates, as well as In
nanowires, a variable temperature STM (VT-STM) was utilized. STS and high resolution
STM data of Pb nanowires on Si(557) was acquired with a low temperature STM (LT-STM).

4.1.1 Variable temperature STM

The variable temperature STM is built in a UHV 700 vacuum chamber, both are produced
by RHK Technologies, Inc. [163]. A schematic setup of the STM is presented in Fig. 4.1 (a).
It consists of a stage on which the samples are placed and a retractable scan head attached
above it. On top of the sample holder is a helical ramp, which is divided into three segments.
When the scan head is placed on the sample holder, each of its three piezo tube legs rests on
one of these segments, due to the “Walker” type design of the STM. The tip is inserted in
the center of the scan head, where it is movable via piezo elements in x, y, and z direction.
Electrochemically etching is used for manufacturing the tips from tungsten wire. This tech-
nique is commonly used in order to produce atomically sharp tips. Further details on the
procedure can be found elsewhere, e.g., [164, 165].
Samples can be heated resistively by passing a current through them, controlled by an

infrared pyrometer, or cooled down to 25 K. Depending on the required temperature, either
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(b)

Scan head

Piezo legs

Stage

Sample holder

Stage

Rotary motion feedthrough for
raising/ lowering of the stage

LN2/ LHe feedtrough

LN2/ LHe return line

(a)

Figure 4.1: (a) Schematic setup of the VT-STM showing how the scan head is placed on the sample
holder. (b) Setup of the STM stage and the cryostat located below it. Both pictures are
adapted from [163].

liquid Helium (LHe) or liquid Nitrogen (LN2) is suitable for cooling. By varying the flow
rate, different temperatures can be set. The cryostat is located directly below the sample
stage, as depicted in Fig. 4.1 (b). In this case, only the sample is cooled, while the tip and
the rest of the system remain at ambient temperature. This allows the sample temperature
to be changed quickly, but the quality of the sample may be influence detrimentally due to
rest gas atoms condensing on it.
The sharpness of STM tips can be improved in-situ by a tip heating system, that accelerates

electrons from a hot filament towards the tip by applying high voltages. A garage is installed
for storing up to six holders at the same time, carrying either tips or samples. Furthermore,
a mass spectrometer is available for characterization of the residual gas composition.
A preparation chamber is attached to the STM-chamber for preparing samples without

interrupting the UHV conditions. It is equipped with three metal evaporators (indium, lead,
and tin) to prepare thin metallic films on silicon substrates. Here as well, the samples can be
heated resistively for the degassing procedure of new samples, or during the preparation. To
check the overall sample quality, an optical LEED is available. Additionally, this chamber is
equipped with a XPS system and a sputter gun.
Samples and tips are exchanged by using a load lock system that is installed on the prepa-

ration chamber. By this means UHV conditions inside stay intact.

4.1.2 Low temperature STM
For low temperature measurements, a Scienta Omicron LT-STM was used [166]. In contrast
to the previously described VT-STM, in this setup not only the sample is cooled but the entire
STM system. This is done by the use of two concentric bath cryostats (see Fig. 4.2 (a)). The
outer one serves as shielding and is usually filled with LN2. The inner one is cooled either by
LN2 or LHe, resulting in a temperature of T ≈ 80 K or T ≈ 6 K, respectively.

Within these cryostats, the scanner and the sample stage are located. The scanner holding
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4.2 COPHEE endstation at SIS beamline

Figure 4.2: (a) Schematic front view of the LT-STM. Scanner and sample are surrounded by two
concentric bath cryostats. (b) Setup of the sample stage. Both images are adapted from
[166].

the tip is below the stage; thus, the sample is inserted upside down (see Fig. 4.2 (b)). For the
measurements shown in chapter 8, both electrochemically etched tungsten tips and tips cut
from Platinum-Iridium wire were used. Furthermore, the stage is equipped with a heating
element for variation of the sample temperature. As the cryostats and thermal shielding
surround the STM, optical access is only given by the use of a camera during scanning.

Inside the STM chamber, in total twelve sample holders or tip carriers can be stored in
two carousels. A preparation chamber is installed on the STM chamber, which is equipped
with an optical LEED and two evaporators (Pb and MnPc). During preparation, samples
can be heated either resistively or by the use of a filament in the vicinity of the sample. The
temperature is controlled with the same infrared pyrometer that was used on the VT-STM
chamber. Samples and tips are exchanged via a load lock system attached to the preparation
chamber.
In the course of the STS measurements presented in this thesis, dI/dV spectroscopy was

done using an SR830 Lock-In amplifier [167]. This yields a better signal to noise ratio than
a numerical calculation from the I(V ) curve.

4.2 COPHEE endstation at SIS beamline
Spin-resolved and spin-integrated ARPES measurements were done at the COmplete PHo-
toEmission Experiment (COPHEE) endstation at the Surface and Interface Spectroscopy
(SIS) beamline of the Swiss Light Source, at the Paul Scherrer Insitute. Circularly (C+ and
C−) and linearly (s and p) polarized light with an energy range of 20 eV to 800 eV is provided
by an undulator installed at SIS.
In Fig. 4.3, a schematic view of the endstation is shown [168]. Samples are installed via

a load lock system on a manipulator with three translational and three angular degrees of
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Figure 4.3: Schematic setup of the COPHEE endstation; taken from Ref. [168]. Electrons are
photoemitted from a sample by UV radiation from SIS beamline. They can be angle-
selected by rotation of the sample and energy-selected by the use of the electrostatic
hemispherical analyzer. Two orthogonal Mott detectors measure the spin-polarization
of the photoelectrons.

freedom. This allows exact positioning in real space and gives access to the reciprocal space
dependent on the rotation angle. For spin-integrated ARPES a hemispherical analyzer is used
with energy and angular resolution of 25 meV and 0.3 ◦ respectively. In order to measure the
spin-components, COPHEE takes advantage of the spin selectivity of Mott scattering [169].
In order to acquire all three spin-components Sx, Sy and Sz, two Mott detectors are installed.
In the spin-resolved mode, a resolution of 80 meV and 0.75 ◦ can be reached.

During measurements and sample preparation, the manipulator can be cooled down to
20 K with LHe, and the samples can be heated by resistive heating, monitored with the same
infrared pyrometer as used at the VT-STM chamber. An optical LEED is built as well in the
COPHEE endstation to check the sample quality. Further details on the setup can be found
elsewhere, e.g., [168, 170, 171].
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4.2.1 Calculation of the spin polarization
In this section, the calculation of the spin polarization components is briefly explained ac-
cording to [168]. It is used for the interpretation of the SARPES data of the α-Sn phase on
Si(111) discussed chapter 6.
In the so-called Mott detector installed in the COPHEE endstation, the photoemitted

electrons are accelerated to a gold foil. In principle, the spin polarization Px perpendicular
to the scattering plane is calculated from the measured asymmetry Ax in the backscattered
intensities NL and NR to the left or right of the incoming beam,

Px = Ax
S

= 1
S

NL −NR
NL +NR

, (4.2.1)

taking into account the Sherman function S = 0.08 [172], which is the asymmetry measured
in the case of a 100 % polarized beam.
In accordance with the labels of the eight detectors shown in Fig. 4.3, the spin polarization

components of the full polarization vector ~P are given by

Px = 1
S

NII, B −NII, F
NII, B +NII, F

, (4.2.2)

Py = 1
S

NI, F −NI, B
NI, F +NI, B

, (4.2.3)

Pz = 1
2S

(
NI, L −NI, R
NI, L +NI, R

+ NII, L −NII, R
NII, L +NII, R

)
. (4.2.4)

Considering the rotation of the sample manipulator with the angles ϑ and ϕ, the polarization
vector P S, which is the vector of expectation values of the three spin component operators
Sx, Sy and Sz, in the sample coordinate system is

P S
x

P S
y

P S
z

 = 1√
2


cosϑ cosϕ− sinϕ − cosϑ cosϕ− sinϕ

√
2 sinϑ cosϕ

cosϑ sinϕ+ cosϕ − cosϑ sinϕ+ cosϕ
√

2 sinϑ sinϕ

− sinϑ sinϑ
√

2 cosϑ

×

Px

Py

Pz

 (4.2.5)

4.3 4pp STM/SEM
In order to perform local electronic transport measurements on In nanowires, a so-called four-
point probe scanning tunneling microscope/scanning electron microscope (4pp STM/SEM)
from Omicron Nanotechnology is utilized. It consists of four independently controllable STM
scanners, as depicted in Fig. 4.4 (a). One high-resolution scanner is capable of acquiring
atomically resolved STM images due to enhanced protection against vibration. The other
three standard scanners are only used for the execution of transport measurements. All four
scanners are equipped with electrochemically etched tungsten tips. The sample stage can be
cooled down to 25 K using LHe. For fast stabilization of temperature, it is counter heated by
a filament controlled utilizing a proportional-integral-derivative (PID) controller. As the tips
are not directly cooled, they only adapt to the sample temperature while being in tunneling
or ohmic contact with it.
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Figure 4.4: (a) Schematic of the 4pp-STM setup used for transport measurements; taken from Ref.
[124]. (b) Cross-sectional view of the SEM column; taken from Ref. [173, 174].

Above the STM scanners, a GEMINI-type SEM is attached, which is commercially available
from Carl Zeiss AG. Electrons extracted from a hot field emission cathode are accelerated
and focused on the sample surface. SEM images with a resolution of approximately 4 nm can
be obtained. A cross-sectional view of the SEM column labeled in more detail can be found
in Fig. 4.4 (b). It is indispensable for the exact positioning of the four STM tips on a sample
surface with nanoscale structures, e.g., nanowires. The standard contacting procedure as
well as the way of cleaning the tips prior to the measurements by applying voltage pulses is
extensively described elsewhere, e.g., [124], and will not be explained further here.
The 4pp-STM/SEM is installed in the analysis chamber of the UHV setup sketched in Fig.

4.5. A preparation chamber is attached to it, hosting an In evaporator and a SPALEED
needed to monitor the quality of the samples. During preparation, heating via direct current
or a backside filament is possible; both controlled with an infrared pyrometer (LumaSense
IG 140). Additionally, a cooling stage is available for temperatures down to 140 K by use
of LN2. Both the analysis and preparation part host a garage for storage, and a load lock
system for changing samples or tips without compromising the UHV conditions.

The chamber is equipped with several further devices, such as a mass spectrometer or a
hydrogen cracker. Furthermore, there are two ways to tune STM tips in-situ. A tip heating
tool is located in the preparation part, while a field ion microscope (FIM) is attached to
the analysis part. The latter provides access to the tip’s chemical composition or the size
of its apex [175], which additionally can be tuned to form single atom tips employing field
evaporation [176].
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Figure 4.5: Schematic drawing of the 4pp STM/SEM chamber. It consists of two parts, namely the
preparation chamber and the analysis chamber, marked with green or blue rectangles,
respectively. Adopted from [124].
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Chapter 5
In/Si(111)-(4× 1) reconstruction

The (4×1)-In/Si(111) reconstruction is one of the most intensively studied model systems in
the context of quasi-1D atomic nanowires. As described in detail in chapter 2.2, it reversely
undergoes a Peierls-type metal-insulator transition at a temperature of about Tc ≈ 120 K.
Furthermore, the system shows a thermal hysteresis with a width of WH ≈ 8 − 10 K in
conductivity measurements [88] and LEED studies [84, 96] during subsequent cooling and
heating cycles. The hysteresis width decreases if substrate steps are present on the surface,
e.g., on samples with a miscut of 2 ◦ from [111] towards the [112] direction [88]. This is due
to a shift of the onset of the phase transition temperature upon heating, T2, to lower values,
caused by a lack of interchain coupling in the vicinity of a step edge. In this chapter, further
transport investigations were done regarding the confinement effects induced by surface steps
on the phase transition temperature using silicon substrates with a miscut of 1 ◦ and 4 ◦
towards the [112] direction.
For all measurements described in the following, the (4× 1) In reconstruction is prepared

on a clean Si(111)-(7 × 7) substrate. During evaporation of 0.6 − 1.2 ML In, the sample
is held at a temperature of 400 ◦C. According to the phase diagram of In/Si(111) [177, 178]
choosing either higher annealing temperatures or another coverage results in different phases,
e.g. (1× 1) or (

√
31×

√
31)R9 ◦. These phases were used for calibration of the evaporator.

5.1 Influence of spatial confinement on the Peierls transition
In order to gain further insights concerning the influence of spatial confinement induced by
substrate steps on the phase transition temperature, In nanowires grown on two differently
inclined Si substrates, i.e., with 1 ◦ and 4 ◦ miscut along the [112] direction, were studied in
detail. First, they were characterized by means of SPALEED and anisotropy measurements
(chapter 5.1.1), and after that temperature-dependent transport experiments were carried
out (chapter 5.1.2).
For transport data acquired on Si substrates, the space charge layer introduced in chapter

3.1.3 can have a significant influence on the measured sheet conductivity. Since it is well-
known that its thickness depends on the temperature used during cleaning of the bare Si
substrate, two distinct temperatures were chosen for flash annealing prior to the evaporation
of In. Hence, in total four types of samples are considered in the following: two of each miscut
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Figure 5.1: SPALEED pattern of the (4×1)-In/Si(111) reconstruction at RT all taken at E = 96 eV.
Substrates are (a), (c) with 1 ◦ miscut towards the [112] direction, and (b), (d) with 4 ◦
miscut towards the [112] direction. The maximum temperature during flash annealing
prior to the nanowire growth was (a), (b) 1100 ◦C and (c), (d) 950 ◦C. Diffraction spots
of (1 × 1)-Si are indicated. (e) Linescans along the directions shown by the arrows in
(a)-(d). Black arrows highlight peaks with a spacing of 7.5 %SBZ originating from the
steps of the 4 ◦ miscut samples.

angle, either heated up to a maximum temperature of 950 ◦C or a higher one of 1100 ◦C.

5.1.1 Characterization of the samples
The four types of In/Si(111) samples were first characterized by means of SPALEED. The
corresponding patterns are shown in Figs. 5.1 (a)-(d). On all of these substrates grows
primarily a single-domain (4 × 1)-In reconstruction. For the samples with 1 ◦ miscut, the
average terrace width of 18 nm is suitable for twelve rows of the (4 × 1) reconstruction.
However, due to the flash annealing cycles along with mechanical stress by the clamping of
the sample to its holder, the substrate steps may shift resulting in terraces exceeding the
width of 30 nm, where all three domains are able to grow [97] (see Fig. 5.1 (c)).
For the 4 ◦ case, three (4×1) rows fit on the terraces, which are on average 4.5 nm wide. The

higher density of steps and the resulting lack of interaction between adjacent nanowires causes
the diffraction spots to be elongated in the direction perpendicular to the wires, compared
to the 1 ◦ samples. It is visible in the linescans taken along the first order diffraction spots
shown in Fig. 5.1 (e). Moreover, in the vicinity of the (1×1) Si diffraction spots, small peaks
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5.1 Influence of spatial confinement on the Peierls transition

Figure 5.2: Exemplary I(V ) curves measured at RT in the direction (a) parallel and (b) perpen-
dicular to the In nanowires. (c) Resistance measured at RT using the rotational square
method and curves fitted according to Eq. 3.1.12 on samples with 1 ◦ (violet) and 4 ◦
(green) miscut. The Si substrates were flash annealed at temperatures up to 950 ◦C
(solid lines) or 1100 ◦C (dashed lines). The latter are magnified by a factor 100, the solid
purple curve by 10. Zero refers to the [110] direction parallel to the In wires. Inset: SEM
image of the four STM arranged in a square geometry used for transport measurements.

with a spacing of 7.5 %SBZ are present on the 4 ◦ miscut samples. They correspond to the
average terrace width of 4.5 nm.

Since the SPALEED images were taken at an electron energy of 96 eV, which is an in-phase
condition, i.e., the scattering phase is an integer value (S = 5), the spot profile is governed
by the instrumental broadening and any further information concerning the samples’ quality
caused by the different annealing temperatures cannot be deduced [133].
Further information about the samples is obtained via transport measurements, which were

measured using a 4pp square geometry, as introduced in chapter 3.1.3. The positioning of the
STM tips was monitored by SEM, which is exemplarily depicted in the inset of Fig. 5.2 (c).
Resistance values were deduced from linear I(V ) curves. Some of these curves acquired in
the direction parallel and perpendicular to the In nanowires on the four types of samples are
displayed in Figs. 5.2 (a) and (b), respectively. They clearly show an increase in resistance for
the samples flashed to 950 ◦C compared to the 1100 ◦C ones, which implies a better ordered
and less defective surface reconstruction in the latter case.
As a next step, the samples were characterized by means of rotational square measurements,

and the anisotropy ratios ρy/ρx were calculated using Equation 3.1.12 (see Fig. 5.2 (c)). The
samples flashed to 1100 ◦C with a miscut of 1 ◦ and 4 ◦ have a low anisotropy ratio of 1.4 and
1.3, respectively. For the samples heated to 950 ◦C, the anisotropy of the 1 ◦ sample is already
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much larger, i.e., ρy/ρx = 5.4. However, an increase of more than one order of magnitude
to an anisotropy value of 47 is found for the 4 ◦ sample heated to 950 ◦C, even exhibiting
negative resistance for certain rotation angles. This demonstrates the enhanced SCL growth
at elevated temperatures since nominally both substrate types have the same resistivity of
ρ = 0.4− 2.6 Ωcm. Apparently, considering the samples heated to 1100 ◦C, the SCL is thick
enough to enable almost 2D-like conduction, even in the presence of a high density of steps.
In contrast to that, for the samples heated to 950 ◦C, the 1D conductance is much more
pronounced, indicating a thin SCL, and additionally, an influence of the number of surface
steps on the anisotropy ratio is clearly visible. These findings will be verified in the following
by considering the individual components contributing to the sample conductivities.

5.1.2 Temperature-dependent transport investigations

Temperature-dependent resistance measurements were performed on the four types of sam-
ples. The 4pp square arrangement was aligned in such a way, that either the resistance
parallel, R‖, or perpendicular to the nanowires, R⊥, is obtained. For each of the samples,
two sets of data are shown in Fig. 5.3, which were acquired either during the cooling of the
sample or its subsequent heating. This procedure is similar to the cooling and heating cycle
carried out in previous measurements [84, 88, 96]. The resulting resistance curves all show the
same behavior: Coming from high temperatures, the resistances first vary only slightly, but
then show a sharp increase for temperatures below ∼ 150 K. Notably, both samples heated
to 1100 ◦C (Figs. 5.3(a) and (c)) show similar values of R‖ and R⊥, regardless of the number
of steps existing on the surfaces. However, the total increase of resistance is only about a
factor of 4, while the scattering of the data points is quite large. Additionally, R⊥ and R‖
differ very little even at low temperatures, and no difference is visible between the heating
and cooling curve, confirming a rather 2D-like conductivity behavior.
In contrast to that, for the samples heated to 950 ◦C, the resistance increases by several

orders of magnitude. Concerning the sample with 1 ◦ miscut, the anisotropy gets larger
for lower temperatures. While R⊥ shows similar values for the cooling and heating curve,
the resistance measured in the direction along the nanowires differs. Upon cooling below
∼ 150 K, the rise of R‖ is significantly lower than for the corresponding heating curve. Only
the very last data point measured during cooling deviates from this, which exhibits a much
higher resistance compared to the other values. This can be attributed to a probe, that is
not sufficiently brought into contact with the sample; thus, this data point is disregarded in
the further analysis and only plotted for the sake of completeness.
Regarding the 4 ◦ sample flashed to 950 ◦C, transport measurements were rather challenging

to execute. Upon cooling to temperatures below 200 K, R⊥ already rose up to the MΩ range,
caused by the low interaction between wires on adjacent terraces. Thus, as the probes
continued to lose contact quite frequently, further data was acquired using only two probes
instead of four. Since for the 2pp setup not only the sample resistance is measured, but
additionally, the resistances of the contacts and the probes are included, there is a sudden
jump in resistance visible at ∼ 200 K in Fig. 5.3 (d). Furthermore, the sharp increase in
resistance below ∼ 150 K is less pronounced than in the 1 ◦ miscut case.

In the following sections, the conductivity of the In induced surfaces state is evaluated
based on these temperature dependent resistance measurements. First, the samples heated
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5.1 Influence of spatial confinement on the Peierls transition

Figure 5.3: Temperature dependent resistance measurements performed in a 4pp square arrangement
measured parallel (R‖) and perpendicular (R⊥) to the nanowires during cooling (blue)
and heating (red). The samples had a miscut of (a), (b) 1 ◦ and (c), (d) 4 ◦ towards
[112]. Prior to indium evaporation, the Si substrates were flash annealed up to either
(a), (c) 1100 ◦C or (b), (d) 950 ◦C. Owing to the high resistance values in (d), 4pp
measurements were only possible for the data marked in blue and red, whereas all other
data was acquired as 2pp measurements (green and orange). Inset in (d) shows an
enlargement of the data below 200 K.

to 1100 ◦C are discussed, and afterward the samples, which were flash annealed up to 950 ◦C
during the cleaning procedure.

Surface state conductivity of the samples flash annealed at 1100 °C

In order to evaluate the surface state conductivity σS induced by the In reconstruction,
first of all the conductivities parallel and perpendicular to the In nanowires, σ‖ and σ⊥, are
calculated using Equation 3.1.10 and σ = 1/ρ. For the samples with the substrates annealed
at 1100 ◦C, the results are displayed in Fig. 5.4. In panel (a) and (b), the conductivities of
the sample with 1 ◦ miscut are plotted for the cooling and heating curve, respectively. The
same is shown in panel (d) and (e) for the 4 ◦ sample. Since the (4 × 1)-In reconstruction
has quasi-1D metallic surface state bands [98], σ⊥ is attributed completely to the sum of
conductivity contributions originating from bulk and SCL,

σ⊥ = σB + σSCL = σB + σpSCL + σiSCL. (5.1.1)

Further details on these individual conductivity contributions and their dependence on the
parameters used for fitting can be found in chapter 3.1.3.
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Figure 5.4: Temperature dependent conductivities of samples with (a)-(c) 1 ◦ and (d)-(f) 4 ◦ miscut
angle, which have been flash annealed up to 1100 ◦C. (a) and (d) was acquired during
cooling, whereas (b) and (e) are the heating curves. The contributions of the bulk and
the SCL, σB, σpSCl, and σiSCL are indicated. Their sum is depicted as blue or red lines,
corresponding to the direction of temperature change. (c) and (f) show the conductivity
of the surface state, σS, during cooling and heating.
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5.1 Influence of spatial confinement on the Peierls transition

The fitting procedure was done as follows: First, the intrinsic SCL conductivity, σiSCL,
was determined, since it simply depends on the donor concentration of the bulk, which is
ND ≈ 3.2 · 1015 cm−3 according to the substrate resistivity of ρ = 0.4− 2.6 Ωcm. After that,
the contributions originating from the bulk and the parasitic sub-surface p-type SCL were
iteratively calculated using Mathematica [179], in order to receive the best possible fit to the
measured data of σ⊥.
For both samples, i.e., with the 1 ◦ and the 4 ◦ miscut substrate, the same fitting parameters

were obtained. Employing Eq. 3.1.14, the activation energy of σB yields ∆B ≈ (6± 2) meV,
which is in accordance with recent results from similar measurements on Au/Si(553) [124].
The parasitic p-type SCL is calculated to have a thickness of approximately tSCL ≈ 200 nm
with a acceptor concentration in the range of NA ≈ 1 · 1017 cm−3, according to Eq. 3.1.24.
These values exactly reproduce the results reported for the p-type sub-surface dopant in-
version layer of n-type Si(111) flash annealed at 1150 ◦C [77] and are in the same order of
magnitude as earlier results for In/Si(111) [26]. The corresponding temperature dependent
curves for σB, σpSCl, and σiSCL, as well as the sum of all three conductivity components for
each of the samples are plotted in Fig. 5.4. It is clearly visible that the calculated total
conductivity is in good agreement with the measured data of σ⊥.

Finally, the conductivity of the surface state σS is calculated via

σS = σ‖ − σ⊥. (5.1.2)

The resulting σS curves are plotted in Figs. 5.4 (c) and (f), respectively. However, for both 1 ◦
and 4 ◦ samples, neither cooling nor heating data exhibit a clear trend that hints towards the
phase transition temperature of the In nanowires. Instead, the data points scatter around a
mean value of approximately σS ≈ 10 µS/�, which is rather due to noise than to the actual
surface state conductivity. Therefore, the metal-insulator transition temperature of the In
nanowires is not identifiable, and this data cannot confirm any influence of the increased step
density in the case of the 4 ◦ miscut substrate.

Surface state conductivity of the samples flash annealed at 950 °C

The same kind of analysis as described in the previous section has been performed on the
two samples, that were flash annealed only up to 950 ◦C. The results are plotted in Fig.
5.5. Starting with the 1 ◦ miscut sample, the activation energy increases by about an order
of magnitude, i.e., ∆B ≈ (50 ± 5) meV, while both the SCL thickness and the acceptor
concentration within the parasitic SCL decrease significantly compared to the samples heated
to 1100 ◦C, being tSCL ≈ 40 nm and NA ≈ 2 · 1016 cm−3, respectively. Moreover, due
to the low total conductivity measured perpendicular to the nanowires, the intrinsic SCL
makes up a larger share compared to the 1100 ◦C samples (see Figs. 5.5 (a) and (b)). This
is consistent with literature stating the thickness of the p-type SCL increases for higher
flash annealing temperatures, e.g., reaching the µm range for 1300 ◦C [26, 77], while for low
annealing temperatures the intrinsic SCL is the predominant conductivity contribution [26].
In this case, the conductivity of the quasi-1D surface state σS can indeed be determined,

as obvious from Fig. 5.5 (c). As expected for the In nanowires, the drop of σS at low
temperatures is induced by the metal-insulator transition. The critical temperatures are
estimated to be T1 ≈ 128 ◦C for the cooling curve and T2 ≈ 138 ◦C during heating. The
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Chapter 5 In/Si(111)-(4× 1) reconstruction

Figure 5.5: Temperature dependent conductivities of samples with (a)-(c) 1 ◦ and (d)-(f) 4 ◦ miscut
angle, which have been flash annealed up to 950 ◦C. (a) and (d) was acquired during
cooling, whereas (b)and (e) are the heating curves. The contributions of the bulk and
the SCL, σB, σpSCl, σiSCL, as well as in (d) and (e) a modified σ∗iSCL, are indicated.
Their sum is depicted as blue or red lines, corresponding to the direction of temperature
change. (c) and (f) show the conductivity of the surface state, σS, during cooling and
heating. The insets shows a enlargement of the area around Tc. Solid and dotted lines
are guides to the eye highlighting the change in conductivity, dashed lines indicate the
deduced T1 (blue) and T2 (red). In (d)-(f) green and orange colored data points were
acquired in a 2pp setup, while the other were measured in 4pp geometry.
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5.2 Summary and conclusion

resulting hysteresis width WH ≈ 10 K is of comparable size to previous studies [84, 88, 96],
while the actual transition temperatures are shifted to higher values by about 9 K [88]. As
this is true for both the cooling and heating curve, a systematic variation due to too fast
temperature changing rates can be excluded. Consequently, it has to be attributed to a
constant temperature difference between the sample and temperature sensor. Subtracting it
leads to final values of T1 ≈ 119 ◦C and T2 ≈ 129 ◦C.
For the 4 ◦ sample heated to 950 ◦C, the fitting procedure had to be adjusted. As previously

mentioned, this data was acquired using both a 4pp and 2pp setup. For the latter, the probe
and contact resistances contribute to the measured resistances. Hence, in order to include the
contact resistance, the 2pp conductivities shown in Figs. 5.5 (d) and (e) were corrected by
adding a temperature dependent conductivity contribution. It corresponds to the thermionic
emission induced by the current flow from the probe to the sample

σT ∝ T 2 exp
(
− φB
kBT

)
(5.1.3)

with the Schottky barrier height of the probe material tungsten on Si being φB ≈ 0.7 eV
[180]. However, as obvious from the dotted line indicating σiSCL, already this contribution
considerably overestimates the measured data. Therefore, additionally, a modified σ∗iSCL with
a reduced sheet conductivity was applied.
The parameters used for fitting of σ⊥ turned out to be ∆B ≈ (30 ± 3) meV, NA ≈

1 · 1016 cm−3, and tSCL ≈ 2 nm, while the modified intrinsic SCL remains the predomi-
nant contribution. Compared to the 1 ◦ case, the bulk activation energy and the dopant
concentration of the SCL is in a similar range, however its thickness is reduced by an order
of magnitude. This is consistent with the difference of about on order of magnitude between
these two samples, taking into account that a decrease of tSCL leads to lower conduction
values (cf. chapter 3.1.3, Fig. 3.4).
The remaining question, whether the step density influences the phase transition tem-

perature, is answered by Fig. 5.5 (f). Similar to the 1 ◦ sample, a drop of surface state
conductance σS is observable at low temperatures, but the onset of the phase transition is
shifted in temperature. The critical temperatures are estimated to be T1 = T2 ≈ 122 K both
during cooling and heating. As mentioned above, a systematic temperature offset of 9 K due
to the experimental setup has to be subtracted, resulting in T1 = T2 ≈ 113 K. Consequently,
the apparent phase transition temperatures are lowered by approximately ∆T1 ≈ 6 K and
∆T2 ≈ 16 K compared to the 1 ◦ sample.

Hence, from measurements performed on In nanowires on top of substrates that were flash
annealed only to 950 ◦C, the surface state conductivity originating from the quasi-1D In
reconstruction can be deduced. Besides, for the case of high step densities, the vanishing of
the hysteresis for heating and cooling cycled was confirmed. However, this is not solely caused
by a shift of T2, as proposed earlier [88]. Instead, a shift of about 6 K to lower temperatures
was observed for T1 as well.

5.2 Summary and conclusion
In summary, this chapter reported on the influence of substrate steps on the phase transition
temperature of In nanowires grown on Si(111) substrates. Steps present on even nominally
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Chapter 5 In/Si(111)-(4× 1) reconstruction

Figure 5.6: Comparison of experimentally obtained (a) phase transition temperatures of In/Si(111)
during cooling T1 (blue) and during heating T2 (red) and (b) the thermal hysteresis
width WH = T2 − T1. Data was taken from Klasing et al. [84], Shim et al. [96] and
Hatta et al. [88]. Dashed lines are a guide to the eyes.

flat surfaces were formerly expected to impede the interchain coupling between neighboring
(4 × 1) chains, leading to a destabilization of the low temperature (8 × 2) phase. Since this
shifts the apparent phase transition temperature T2 upon heating to lower temperatures, while
the critical temperature during cooling, T1, remains constant, a reduction of the hysteresis
width of the sheet conductivity was observed for subsequent heating and cooling cycles.
A detailed analysis done by probing the surface state conductivity via transport measure-

ments demonstrated a more complex behavior. In addition to the expected vanishing of the
thermal hysteresis on samples due to surface steps, a shift of both T1 and T2 to lower tem-
peratures was observed. This is highlighted in Fig. 5.6, where the apparent phase transition
temperatures measured in the scope of this thesis as well as the deduced thermal hysteresis
widths are compared with literature data obtained on samples with different substrate miscut
angles.
This leads to the conclusion that the surface steps do not only destabilize the low-tem-

perature phase upon heating but additionally can affect the formation of the (8× 2) during
cooling. Since the transition in the latter direction preferentially starts inside a (4×1) domain
[88], the steps influence the phase transition temperature only for a sufficiently high density
of steps. For small terrace widths suitable for merely three (4× 1) nanowires, the nucleation
of the (8 × 2) is forced to start close to a step edge resulting in a decrease of T1 due to the
lack of interchain coupling.
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Chapter 6
α-Sn phase on Si(111)

The following chapter goes into detail about the structural and electronic properties of α-
Sn/Si(111) with a coverage of θ = 1/3 ML. Much attention is paid to its Mott-insulating low-
temperature phase that exists below T ≈ 70 K. Compared to Pb, the electronic correlation
effects for α-Sn are much stronger due to the smaller orbital size. On the other hand, due to
the smaller Z of Sn, the role of spin-orbit coupling just recently came into the focus of research.
Consequently, the low-temperature phase of α-Sn was investigated in order to elucidate the
effect of SOC in a correlated electronic system and measured the spin-components of the
surface states in the Mott regime directly by means of spin- and angle-resolved photoemission
(SARPES).
For the measurements, long-range ordered Si(111) surfaces (phosphorous-doped, 0.01 Ωcm)

as templates for Sn adsorption were prepared by degassing the samples at 500 ◦C for several
hours and repeated flash annealing to 1150 ◦C until a sharp (7×7) reconstruction was seen by
LEED. Afterward, 1/3 of a monolayer of Sn was evaporated on the surface while the sample
was held at 600 ◦C. The quality of the α-Sn surface reconstruction with (

√
3×
√

3) symmetry
was checked afterwards by LEED. The diffraction pattern remains unchanged upon cooling
down to 40 K with LHe. The rate of evaporation was calibrated independently by STM
experiments. VT-STM measurements were performed in collaboration with Uygur Özdemir
during his bachelor thesis [181]. The spin-integrated and spin-resolved ARPES data of the
low-temperature phase were previously published in "α-Sn phase on Si(111): Spin texture of
a two-dimensional Mott state" [182] and will not be cited separately.

6.1 Phase diagram of Sn submonolayer structures on Si(111)
Adsorption of submonolayers of Sn on Si(111) substrates gives rise to several phases that have
been investigated for more than 50 years. They were first studied by Estrup and Morrison
[184] in 1964, who observed four different stable phases at room temperature using LEED.
Detailed reflection high energy electron diffraction (RHEED) measurements later confirmed
their findings and added information about the temperature dependence of those phases [183].
The resulting phase diagram depending on substrate temperature and Sn coverage is dis-

played in Fig. 6.1. Starting at a coverage of θ = 1/6 ML, the (7 × 7) reconstruction of the
Si(111) substrate vanishes and a mosaic SixSn1−x/Si(111)-(

√
3×
√

3)R30 ◦ structure develops

57
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Figure 6.1: Phase diagram of tin submonolayer structures on Si(111) depending on substrate temper-
ature and coverage, adapted from [183]. A,B, and C denote high coverage phases with
(
√

133×4
√

3), (3
√

7×3
√

7)R(30±10.9) ◦ and (2
√

91×2
√

91)R(30±3) ◦ reconstructions.

with 0.5 ≥ x ≥ 0, that is named γ-Sn phase. It consists of a mixture of Sn and Si atoms
in T4 positions at the surface [185]. At an exact coverage of θ = 1/3 ML all Si atoms in
the topmost layer at the surface are substituted by Sn atoms. This phase is called α-Sn
phase, which forms a (

√
3 ×
√

3) structure as well [185, 186]. Increasing the coverage even
more, a (2

√
3× 2

√
3)R30 ◦ phase starts to develop on top of the α-Sn structure. Both phases

coexist in separate domains up to a coverage of more than one monolayer, at which only the
(2
√

3×2
√

3) phase is present [62, 187–189]. In contrast to the low coverage phases that consist
of a single atomic layer, the (2

√
3× 2

√
3) phase comprises two layers of Sn atoms. However,

its atomic structure is currently still under debate. Latest results [190] favor a model by
Toernevik et al. [187] containing 14 Sn atoms per unit cell arranged in a double layer, with
its top layer comprising of four atoms. Furthermore, three high coverage phases are reported
that are labeled A, B and C in the phase diagram. They form structures with large unit
cells, namely (

√
133× 4

√
3), (3

√
7× 3

√
7)R(30± 10.9) ◦ and (2

√
91× 2

√
91)R(30± 3) ◦ [183].

If the substrate temperature is changed to higher values than room temperature, both
(2
√

3×2
√

3) and (
√

3×
√

3) phases undergo a transition to a (1×1) structure, at temperatures
of T2

√
3 ≈ 190 ◦C and T√3 ≈ 860 ◦C, respectively [183].

6.2 Structural properties of α-Sn
As mentioned before, the α-Sn phase exists at a coverage of θ = 1/3 ML Sn on the flat
Si(111) surface. It forms a (

√
3 ×
√

3)R30 ◦ reconstruction with a lattice constant of aSn =√
3aSi = 6.65 Å. In Fig. 6.2 (a), a top view with marked unit cells is sketched. The Sn atoms

are located at T4 positions at the threefold hollow site above the second layer silicon atoms
[191].
After preparation, all samples were checked with LEED. As seen in Fig. 6.2 (b), (1 × 1)

diffraction spots originating from the silicon substrate are clearly observable as well as (
√

3×√
3) spots caused by the Sn superstructure. By this means, the consistently good sample
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6.2 Structural properties of α-Sn

Figure 6.2: (a) Schematic top view of the α-Sn reconstruction on Si(111). Blue circles represent Sn
atoms on T4 adsorption sites; Si atoms are gray, their size indicates if they belong to the
first or second layer of the substrate. Unit cells of (

√
3 ×
√

3)-Sn (red) and (1 × 1)-Si
(green) are marked with lines. (b) LEED images taken at an electron energy of 77.4 eV
at room temperature. Dashed lines connect the first order diffraction spots of (

√
3×
√

3)
(red) and (1 × 1) (green) diffraction spots. (c) and (d) Empty and filled state STM
image of the α-Sn phase exhibiting a defect caused by a substitutional silicon atom; the
(
√

3×
√

3) unit cell is highlighted in red (U = 1V and −1 V, respectively, I = 100 pA).

quality is ensured.
Looking at the α-Sn phase with a STM, the (

√
3×
√

3) structure can be resolved (cf. Figs.
6.2 (c) and (d)). Bright protrusions indicate the positions of Sn atoms, and the underlying
Si substrate is obviously not resolvable. The Sn atoms all have the same apparent height
except for those lying close to a certain type of defect. In order to acquire a long-range
ordering of the surface, the amount of defects has to be reduced as low as possible. During
the measurements presented here, the average defect density determined by the evaluation of
several STM pictures did not exceed 3%. Similar values have been reported before by other
groups [192, 193]. By choosing a higher temperature for the annealing step (e.g., 825 ◦C),
the defect density can reach a value up to 50% due to desorption, creating the mosaic γ-Sn
phase [185].
Since the first STM investigations on this surface in 1994 [185], in total five different kinds

of defects have been identified [193–199]. Two of them are due to substitutional atoms (Si
or dopant atoms from the substrate), two originate from Sn atoms incorporated in the first
or second substrate layer, and the last one can be attributed to a vacancy [197]. The defect
shown in Figs. 6.2 (c) and (d) is characterized by a hole surrounded by a hexagonal ring of
either darker protrusions in an empty state picture or brighter ones for the filled states. This
is typical for a substitutional silicon atom located at a T4 site, which is the most frequently
observed defect on this surface. If two or more of those are located next to each other, a
local (3×3) pattern is formed [195, 197], which must not be confused with a low temperature
(3 × 3) phase as it is only local and observable at room temperature [192, 199]. This kind
of defect has also been reported for other systems, e.g. Pb/Ge(111) [200] or Sn/Ge(111)
[201–203].
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Chapter 6 α-Sn phase on Si(111)

(a) (b)

[112]

[110]

Figure 6.3: (a) LEED image of α-Sn taken at an electron energy of 76 eV at a temperature of 40 K.
Dashed lines connect the first order diffraction spots of (1×1) (green) and (

√
3×
√

3) (red).
The feature next to the electron gun stems from a defect on the screen. (b) Temperature
dependence of the LDOS at the Fermi level. The values have been normalized at the
maximum value of the conductance 0.3 eV above and below EF ; taken from Ref. [66].

6.3 Low temperature phase of α-Sn
At temperatures below room temperature many group IV element (

√
3×
√

3) reconstructions
on semiconductors with a coverage of 1/3 ML, i.e., similar to α-Sn, exhibit a low tempera-
ture phase. Systems like Sn/Ge(111) [201], Pb/Si(111) [204] or Pb/Ge(111) [29] undergo a
reversible phase transition from (

√
3×
√

3) to (3×3) during cooling. Hence such a transition
was expected for the α-Sn phase as well [194]. However, as obvious from the LEED picture
taken at 40 K displayed in Fig. 6.3 (a), the (

√
3×
√

3) pattern is still remaining without any
hint of additional diffraction spots originating from a possible low temperature phase. In
2002, it was confirmed by STM that the (

√
3×
√

3) reconstruction is present at temperatures
as low as 6 K [192], thus this system indeed does not undergo a structural transition to a
(3× 3) phase.
Later it turned out that despite these findings, an isostructural phase transition exists.

Below 70 K, the α-Sn phase changes from a metal to an insulator [66]. The band gap size
is experimentally observed to be around 200 meV in ARPES [21] whereas calculations yield
328 meV [205]. STS and conductivity measurements indicate that this metal-insulator tran-
sition MIT is driven by strong electron correlations as known for a Mott-Hubbard insulator
[206]. In Figure 6.3 (b), the corresponding decrease in conductance at low temperatures is
displayed. Theoretical results show that the insulating ground state of α-Sn might be a
ferrimagnetic Slater-type insulator via itinerant magnetic order [205, 207] or, on account
of spin-orbit coupling, a 120 ◦-Néel structure with non-collinear ordering [208]. However,
based on high resolution photoemission experiments and DFT [21], a description of the spin-
integrated spectral function is only possible if row-wise collinear antiferromagnetic order
with a (2

√
3 ×
√

3) symmetry at low temperatures is assumed for the Mott state. ARPES
measurements of the surface state responsible for the MIT are shown in Fig. 6.4 (a). The
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6.3 Low temperature phase of α-Sn

Figure 6.4: (a) Comparison of the (LDA + DCA) quasi-particle dispersion (red curve) with the
ARPES intensity (false colour plot, T ≈ 60 K) in the original (

√
3 ×
√

3) SBZ (lower
labels) and the (3×3) and (2

√
3×2
√

3) SBZs (upper labels). Inset: replica of the ARPES
shadow band within dashed box, displayed with enhanced contrast, which highlights the
non-degeneracy between Γ and K; taken from Ref. [21]. (b) Surface band structure
of the antiferromagnetic (2

√
3×
√

3) reconstruction obtained using the HSE functional;
taken from Ref. [205]. High symmetry points are denoted in Fig. 6.5 (c). The energy
zero represents the Fermi level.

superimposed quasi-particle dispersion was calculated by combining a dynamical cluster ap-
proximation (DCA) with DFT, namely the local density approximation (LDA), yielding a
Hubbard U = 0.60 eV and the electronic hopping parameter t = 52.7 meV. Thus, the system
is strongly correlated, and hopping is suppressed by the strong on-site coulomb repulsion (cf.
chapter 2.1.1). Additionally, it clearly rules out a (3× 3) spin texture on the surface because
of the absent band back-folding from Γ to K [21].
The proposed (2

√
3×
√

3) unit cell occurs if Sn atoms of the structural (
√

3×
√

3) recon-
struction are associated with a spin. In this case, the spin is ordered in a row-wise collinear
antiferromagnetic way if every other row of Sn atoms carries the same spin. Thus the result-
ing spin unit cell is twice as large as the structural (

√
3 ×
√

3) unit cell. A top view of it
is sketched in Fig. 6.5 (a) with the unit cell marked in an oblique and rectangular fashion.
This unit cell generally exists in three domains rotated by 120 ◦ with respect to each other,
see Figs. 6.5 (b) and (c). In reciprocal space, this gives rise to rectangular SBZs, as shown
in Fig. 6.5 (d). Unlike Li et al. [21] suggested, the mere existence of these three rotational
domains does not lead to an effective (2

√
3 × 2

√
3) SBZ but to a more complex pattern as

discussed in the following sections.
Indeed, the same symmetry was obtained by hybrid DFT calculations, but suggesting a

Slater-type insulator via band magnetism [205]. The screened hybrid exchange-correlation
functional of Heyd-Scuseria-Ernzerhof (HSE) was used for correction of the self-interaction
error inherent to conventional DFT and eventually stabilizing this spin pattern. The resulting
band structure of the (2

√
3×
√

3) rectangular SBZ as shown in Fig. 6.4 (b) features a spin-
degenerate insulating surface state that is well within the ARPES measurements. The broad
appearance of the surface state in ARPES is due to the coexistence of the three rotational
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Chapter 6 α-Sn phase on Si(111)

Figure 6.5: (a) Schematic top view of the row-wise collinear antiferromagnetic spin ordering of α-
Sn. Blue and purple circles represent Sn atoms on T4 adsorption sites with different
spin polarizations; Si atoms are gray. Oblique (blue) and rectangular (blue dashed)
(2
√

3 ×
√

3)-Sn unit cells of the horizontal domain are marked with lines. (b) and (c)
120 ◦ rotational domains of (2

√
3 ×
√

3)-Sn, labeled as domain 2 or 3, respectively. (d)
SBZs of the (1× 1) (green), (

√
3×
√

3) (red) and three rotational (2
√

3×
√

3) domains
(blue). High symmetry points are indicated. The domain labeled as ’1’ is referred to as
the horizontal domain, while domains ’2’ and ’3’ are termed rotated domain structures.

domains on the surface of the sample, which have slightly different dispersions if measured
along high symmetry points of the (

√
3×
√

3) reconstruction [21, 205].

6.3.1 Spin-integrated constant energy and band maps
For further investigations of the insulating ground state, a CEM of the α-Sn phase, illustrated
in Fig. 6.6, was taken at 0.38 eV below the Fermi energy EF. This energy was chosen since
it yields an acceptable signal-to-noise ratio. Like all following ARPES measurements, it was
done at T ≈ 40 K, well below the phase transition temperature. A surface state with high
intensity is observed around the M points of the (

√
3×
√

3) and two domains of (2
√

3×
√

3)
unit cells. The local minimum of this dispersing state is located at K√3. The SBZ boundaries
and symmetry points of both reconstructions are superimposed for clarification.
Band maps along two high symmetry directions are shown in Figs. 6.7 (a) and (b). They

clearly reveal the insulating nature of the ground state at low temperature. For better
orientation, the valence band maximum of Si is marked. In order to characterize the surface
states in more detail, an enlargement of the region marked by rectangles in Figs. 6.7 (a) and
(b) is shown in Fig. 6.8. Clearly, the surface state along the kx direction reveals a w shape
with minima around 0.6 eV binding energies located at the K√3 points (cf. Fig. 6.8 (c)).
A pronounced broadening of all surface states is obvious and was also seen in other high-
resolution ARPES experiments [21]. As shown in the following, this apparent smearing is
rather an effect of the multidomain structure of the (2

√
3 ×
√

3) reconstruction and the
Rashba-type spin splitting of the surface states than a lack of resolution.
Figure 6.8 shows a comparison between the measured MDCs and the band structure based

on previous calculations [21, 205]. Starting with the kx direction, there is some intensity in
the vicinity of the Γ point, which can be seen more clearly in the curvature fit of the band
map shown in panel (e). This faint feature was observed before, and its position at around

62



6.3 Low temperature phase of α-Sn

ky

kx

hi
gh

in
te
ns
it
y

lo
w

Figure 6.6: Extended CEM taken at EB = 0.38 eV and T ≈ 40 K. Only the phase space shown
in the lower left was measured. The superimposed red and blue lines show the SBZ of
the (

√
3 ×
√

3) and of the three rotational domains of (2
√

3 ×
√

3), respectively. Dots
symbolize high symmetry points of both structures; gray lines highlight the directions of
the (S)ARPES measurements.

0.4 eV binding energy is indicative for the broken (
√

3 ×
√

3) symmetry [21]. Moreover, the
MDC shown in Fig. 6.8 (a) reveals a multipeak structure which is visible also in the curvature
plot of the data (Fig. 6.8 (e)).
Quantitative agreement for the positions of the multipeak MDC structure with calculations

is obtained if contributions of the surface state from different domains are taken into account.
The solid and dashed blue curves display calculated spin-degenerate surface bands for the
horizontal (domain 1) and the rotated domains, respectively. The band structures for the
(2
√

3 ×
√

3) reconstruction were taken from Lee et al. [205]. Thereby, the dashed curve
in Fig. 6.8 is the projection of the band structure from two rotated domains and thus
should comprise twice as much intensity compared to the band belonging to domain 1, drawn
with a solid line. Indeed, this trend is seen in the MDC, at least for the first sequence
of peaks. The gradual damping of the signal along the kx direction comes either from a
slight azimuthal misalignment of the scan direction, changes in the dipole selection rules with
changing incidence angle of light, and/or the physisorption of UHV rest gas. As shown in
the next section, the Rashba-type spin splitting along the kx direction is approximately five
times smaller than the band splitting seen in the MDC, thus already the analysis of the
spin-integrated data provides clear evidence for the collinear antiferromagnetic ordering with
(2
√

3×
√

3) symmetry.
Along the ky direction the band structure, displayed in Figs. 6.8 (d) and (f), consists of two

bands as well. In contrast to the kx direction, the bands disperse less [205]. While the band
originating from domain 1 disperses at binding energies between 0.2− 0.3 eV, the other band
is located between 0.3− 0.45 eV. Thus, the MDC taken at EB = 0.38 eV does not comprise
any bands from domain 1 but four peaks from domains 2 and 3. Contrary to the kx direction,
the splitting along the ky direction is mainly due to spin-orbit interaction as shown in the
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Chapter 6 α-Sn phase on Si(111)

Figure 6.7: (a) Band map along the kx direction (1) as denoted in Fig. 6.6. (b) Band map along the
ky-direction (2). Dashed white curves show the positions of the Si valence band. Details
of the band maps within the blue boxes are shown in Fig. 6.8.

following. Again, the interpretation of the spin-integrated ARPES data already indicates the
(2
√

3×
√

3) symmetry.

6.3.2 Spin-resolved band structure

For investigations on these surface bands, MDCs were taken again at EB = 0.38 eV along ky
(part of the direction is marked by (3) in Fig. 6.6), but with right (C+) and left (C−) circularly
polarized light at a photon energy of hν = 44 eV. Figure 6.9 (a) shows the corresponding band
map along the ky direction. Notably, the Si valence bands are seen here as replica structures
around the Γ√3 points, which indicates the long-range ordering of the α-Sn reconstruction.
Both MDCs have roughly the same shape, but they show deviations in intensity on the side

of the peaks originating from the surface bands. This means that those states show circular
dichroism (cf. chapter 3.3.3), which indicates that spin-orbit interaction plays an important
role and the states have to be described by different quantum numbers. A more detailed
analysis was done by plotting the difference and fitting the sum of C+ and C− spectra in
panels (c) and (d), respectively. The helicity dependent photoemission intensity is ascribed
to two spin-orbit split states symmetrically shifted around the time-reversal invariant M√3
points. Within the errors of the measurement, the splitting is identical to the splitting
discussed in the context of Fig. 6.8 (b). As shown below the circular dichroism is most likely
a result of Rashba-type spin splitting of the surface states.
In order to quantify the spin texture of the surface states and to rule out that matrix

element effects entirely govern the dichroitic signal, SARPES measurements were performed,
again at a binding energy of EB = 0.38 eV. Figure 6.10 (a) shows the spin-resolved MDC
along the kx direction. A comparison with the spin-integrated signal shown in Fig. 6.8 (a)
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6.3 Low temperature phase of α-Sn

Figure 6.8: (a), (b) MDCs along the kx and ky directions taken at 0.38 eV, respectively. (c), (d)
Band maps along the kx and ky directions. (e, (f) Curvature maps of (c) and (d) to
highlight details of the band structure. Green lines show the position of the MDCs.
Solid and dashed blue curves indicate (spin-degenerated) calculated surface bands from
domain 1 and domains 2, 3 of the (2

√
3×
√

3) structure, respectively. The band structure
was taken from Ref. [205].

yields qualitatively the same shape. The measurement was started this time from the high
momentum side, i.e., the gradual drop in intensity is most likely induced by physisorption
of residual gas. The three measured spin components calculated according to chapter 4.2.1,
shown in Fig. 6.10 (b), clearly reveal a pronounced in-plane spin polarization of the surface
states (nonvanishing Sx, Sy).

A simultaneous description of all four data sets (Sx,y,z and total intensity) is achieved only
if a peak substructure shown in Fig. 6.10 (a) is considered: First of all, each intensity feature
comprises a doublet structure which accounts for the Rashba-splitting. The presence of a
doublet with opposite spins is partly visible also in the raw data, e.g., from the rapid change
of amplitude of the Sy component around 1.5 Å−1. Secondly, the most intense MDC peaks
discussed in the context of Fig. 6.8 (a) (dashed lines, rotated domains) are considered by
the three intense double peak structures (marked by green and orange lines). Furthermore,
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Figure 6.9: (a) Band map along the direction denoted by (3) in Fig. 6.6. The dashed curves show
the (

√
3 ×
√

3)-replica states of the Si valence bands. (b) MDCs taken along the ky

direction, as indicated by the green line in (a), with C+ and C− polarization. (c) and
(d) show the difference and sum of the two MDC spectra, respectively.

(a) (b) M√3K√3Γ K√3 Γ (c)M√3K√3Γ K√3 Γ

Figure 6.10: (a) Spin-resolved MDC along the kx direction taken at 0.38 eV below EF. The up-
per axis shows the high symmetry points (cf. Fig. 6.5 (c)). (b) Corresponding spin-
polarization vectors Sx, Sy, and Sz. The shaded areas represent the uncertainty by
simultaneously fitting all four data sets. (c) Sx- and Sy-spin components of the peaks
shown in (a). The 0 ◦ and 90 ◦ denote the positive x and y directions, respectively.
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6.3 Low temperature phase of α-Sn

Γ√3
(a) (b) M√3

(c)M√3 Γ√3Γ√3Γ√3

Figure 6.11: (a) Spin-resolved MDC along the ky direction taken at 0.38 eV below EF. The upper
axis shows the high symmetry points of the three domains. (b) Corresponding spin-
polarization vectors Sx, Sy, and Sz. The shaded areas represent the uncertainty by
simultaneously fitting all four data sets. (c) Sx- and Sy-spin components of the peaks
shown in (a). The 0 ◦ and 90 ◦ denote the positive x and y directions, respectively.

the less intense peaks seen in Fig. 6.8 (a) (solid lines, domain 1) were detectable and taken
into account by a corresponding sequence of double peaks (red and blue curves). It should
be emphasized that a better agreement is obtained if instead of six peaks, eight peaks are
considered for the rotated domains in Fig. 6.10 (a). Any modeling with fewer peaks was not
able to describe the variations in the magnitude of the three spin polarizations satisfyingly.
As already pointed out, at the constant energy of 0.38 eV the surface bands originating from
these domains are barely touched (cf. dashed lines in Fig. 6.8 (c)). For the measurements
with the Mott detectors, the energy resolution is lower, and the larger integration area is
most likely the reason for this observation. Based on this initial guess, a satisfying modeling
of the experimental spin-resolved data succeeded.

A polar plot of the resulting in-plane spin components Sx and Sy is shown in Fig. 6.10 (c):
Indeed, each of the doublet structures reveals de-facto an opposite spin orientation, as ex-
pected for conventional Rashba-split states. The splitting is around ∆kx ≈ 0.05 Å−1, which
means that a correlated quantum state with weak spin-orbit coupling can describe the α-Sn
phase [18]. Furthermore, the less intense peaks belong to domain 1, in agreement with the as-
signments done in Figs. 6.8 (a) and (c). Consequently, due to the mirror plane of this domain,
only Sy spin components are observed for the kx direction (cf. chapter 3.3.3). Contrary, the
spin vectors originating from the rotated domains show both Sx and Sy components. The
spin texture from these states originates from both domains. Therefore, any imbalance be-
tween these two domains will cause a finite Sx component [143]. Nevertheless, the analysis
is fully consistent with the conclusions from the previous section and supports the formation
of (2

√
3×
√

3) domains. The finding of in-plane spin components suggests an in-plane anti-
ferromagnetic ordering between the Sn sites. Similar magnetization patterns were previously
reported for Mn/W(110) [209].
Besides the kx direction, the spin components of the surface state along the ky direction
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Figure 6.12: (a) Electronic structure and spin texture in the SBZ of the (2
√

3×
√

3) structure at a
binding energy of approximately 0.4 eV with a Rashba-splitting of ∆k ≈ 0.05Å−1. (b)
Band structure reproduced after Lee et al. [205]. The Mott state was complemented
by a Rashba-type spin splitting.

was also measured (cf. Fig. 6.11). According to the discussion in the context of Fig. 6.8 (d)
the surface state at around 0.38 eV binding energy is formed by states of the rotated domains.
A four-peak structure is mandatory for the momentum range in order to describe the MDC
intensity and three spin-component data sets satisfyingly. Clearly, the adjacent peaks show an
alternating spin structure. However, the apparent larger Rashba-splitting of ∆ky ≈ 0.2 Å−1

is a result of the intersection of the Mott states from adjacent zones and not an indication of
an anisotropic spin texture, as shown below. If both domains were equally distributed, only
the Sx component should show up. The finite value of Sy component reflects the asymmetry
between these two domains, in accordance with the conclusions drawn above.

6.3.3 Model for the spin-texture of the α-Sn phase

For the spin-ordered (2
√

3 ×
√

3) structure, Lee et al. [205] calculated a band structure for
one domain containing one only slightly dispersing surface band with a binding energy be-
tween approximately 0.1 and 0.5 eV. In accordance with the results in this work concerning
the spin-orbit interaction, a Rashba-type spin splitting of ∆k ≈ 0.05 Å−1 is superimposed
in Fig. 6.12 (b) while maintaining spin degeneracy at time-reversal invariant momenta. Con-
sequently, the rectangular SBZ comprises two almost circularly shaped bands around the Y
point with opposite spin directions, as seen in Fig. 6.12 (a). Along the mirror plane xz in the
kx direction, crossing through Γ and Y, the spin components Sx and Sz are zero and only Sy
has a finite value in agreement with the reported finding.
In Fig. 6.13 all three rotational domains are depicted in an extended zone scheme. The

surface bands of different domains overlap each other resulting in a complex electronic struc-
ture model. Looking along the kx direction, i.e., ΓY of the horizontal domain, one finds an
alternating spin structure originating either only from domain 1 or an overlap of the surface
bands of the two other domains 2 and 3 (numbering refers to Fig. 6.5 (c)). Along the ky
direction, ΓX of domain 1, only bands of domains 2 and 3 appear. The domains are spa-
tially separated, and no interaction between the bands of different domains can be expected.
However, in measurements, the spin-polarization at these points with overlapping bands will
depend on the distribution and size of the three domains.
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kx

ky

Γ Γ

Figure 6.13: SBZ consisting of three rotational (2
√

3 ×
√

3) domains. Red and blue spin vectors
belong to the horizontal domain as seen in Fig. 6.12 (a). Spin components of the
other two domains are shown in gray, the resulting spins of those domains along the
kx and ky direction in orange and green. The broad gray lines indicate the positions
of measurements along the kx and ky direction shown in Fig. 6.8 and coincide with the
lines denoted by (1)and (3) in Fig. 6.6.

6.4 Summary and conclusion
In summary, the spin-orbit interaction of the correlated α-Sn structure on Si(111) with a Sn
coverage of θ = 1/3 ML was investigated directly with spin- and angle-resolved photoemission.
This phase structurally shows a (

√
3 ×
√

3) reconstruction even below the metal-insulator
phase transition temperature of Tc ≈ 70 K. Spin-resolved band structures at low temperatures
were identified which originate from a (2

√
3 ×
√

3) symmetry, in agreement with previous
theoretical studies [21, 205]. This symmetry is mandatory for the formation of a row-wise
collinear antiferromagnetically ordered spin arrangement of the Sn atoms adsorbed on T4
positions with a (

√
3×
√

3) order. As it turns out, the Rashba-splitting is comparably small,
and the spin-orbit interaction is weak in this structure. According to the spin orientation in
the ARPES experiments, an in-plane ordering of the spins in the antiferromagnetic phase is
proposed.
There is currently a debate whether the insulating state is driven by electronic correlation

effects or by spin-ordering [21, 205]. In the latter case, where the ground state is characterized
as a Slater-type insulator via band magnetism, the antiferromagnetic ordering should come
along with nesting in between helical states. However, a doubling of the unit cell, as seen for
Pb/Si(557) [41], was not observed. Moreover, no indications of hybridization between the Sn
states and the Si valence bands (3pz states) were observed, which enables the superexchange.
Therefore, the α-Sn/Si(111) phase should instead be described as a weakly spin-orbit coupled
Mott system [18].
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Chapter 7
Formation of Sn-induced nanowires on vicinal
silicon surfaces

A potential candidate for nanowires revealing electronic correlation effects is the Sn/Si(557)
system. As discussed in chapter 6, its 2D analog, i.e., the α-Sn phase on Si(111), gives rise
to a weakly spin-orbit coupled Mott phase, even though the SOC strength and the resulting
Rashba-splitting is significantly smaller compared to the isoelectronic Pb. Electronically, the
Mott phase exhibits a (2

√
3 ×
√

3) unit cell due to the antiferromagnetic ordering between
adjacent Sn rows of the (

√
3×
√

3)-structure [21, 182].
The targeted manipulation of such kind of Mott-systems offers a wide range of possibil-

ities. For instance, doping leads to various phases like high-temperature superconductivity
[70], charge-transfer insulators [71], or robust metallic states [74], that are described in more
detail in chapter 2.1.3. For α-Sn on Si(111), a metallic quasi-particle state was found within
the Mott gap if the system is modified by means of the acceptor concentration of the Si
substrate [46]. In this context, the growth of Mott-phases of finite widths on stepped sub-
strates is interesting and was not considered before. Step edges may provide binding sites
with electronic properties different from the flat surface, leading to partially ionized atoms.
In the case of Ag/Si(557), this results in doping of electrons to the nanowires [79]. Besides,
a refacetting similar to Pb/Si(557) implies a terrace width of approximately the same size as
one unit cell of the low-temperature (2

√
3×
√

3) structure and might suppress the formation
of it.
In the scope of this chapter, the growth of Sn on Si(557) is analyzed in order to elucidate the

possibility to form defined nanowires. By choosing different coverages, three distinct phases
were identified by means of STM and LEED. Deposition of more than 0.5 ML of Sn leads to
the formation of the high coverage (2

√
3× 2

√
3) phase on (111) terraces that destabilizes the

triple steps, resulting in a local (223) orientation. If the (2
√

3×2
√

3) stripes grow larger, step
bunching occurs, eventually resulting in a surface covered by large (111) terraces. Only for
lower Sn coverages, ordered stripes of Sn wires with a structural (

√
3 ×
√

3) reconstruction
separated by triple steps were found. As observed by ARPES, this confinement destroys
the insulating nature of the spin-split ground state, pointing towards a finite-size induced
quenching of the Mott state.
Samples were prepared using well oriented surfaces of phosphorous-doped Si(557) with

a resistivity of less than < 5 mΩcm, which were degassed at 500 ◦C for several hours and
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repeatedly flash annealed to 1150 ◦C until a sharp (7 × 7) reconstruction and step-train
patterns were seen in optical LEED. In order to prepare the three types of nanowires,
different amounts of Sn, i.e. 0.4 monolayer (ML = 7.8 × 1014 cm−2, defined with respect to
Si(111)), 0.6 ML and 0.9 ML, were deposited at a rate of around 0.02 ML/min on the surface.
During evaporation, the substrate is kept at a temperature of (570± 20) ◦C.
The samples were investigated by means of LEED, STM and ARPES. LEED and STM

measurements were performed at room temperature. ARPES measurements were done at
the COPHEE endstation at the SIS beamline of the Swiss Light Source (cf. chapter 4.2),
using C+ and linearly p polarized light with a photon energy of 44 eV. The photoemission
experiments were carried out with an energy and angle resolution of 25 meV and 0.5 ◦ at low
temperatures (40 K), well below the phase transition temperature of ∼ 70 K for the α-Sn
phase on Si(111) (cf. chapter 6).
The results presented here were previously published in “Formation of Sn-induced nano-

wires on Si(557)” [210], and will not be cited separately.

7.1 Growth of Sn on Si(557)

The possibility of growing Sn nanowires on Si(557) was investigated by evaporation of sub-
monolayer Sn coverages, which results in the formation of three distinct phases. Fig. 7.1
shown large scale STM images and LEED patterns with different Sn coverages of 0.4 ML
(panel (a),(d)), 0.6 ML ((b),(e)) and 0.9 ML ((c),(f)). For the lowest Sn coverage of 0.4 ML,
the former step structure of the Si(557) surface is preserved as deduced from the spot splitting
of ∆k = 0.1 Å−1 around the (1 × 1) diffraction spots in LEED along the [112̄]-direction. In
addition, a weak ×2 streak is visible as well as pronounced (

√
3×
√

3) diffraction spots. The
homogeneously stepped surface can be confirmed by STM, showing a nanowire-like structure.
A slight azimuthal miscut restricts the length of the wires to approximately 200 nm.
Covering the Si(557) surface with a larger Sn coverage, i.e. 0.6 ML, the structure of the

surface changes entirely (cf. Figs. 7.1 (b) and (e)). Sharp diffraction spots seen in LEED
between the (1 × 1) spots in the [11̄0]-direction reveal spot splitting of a homogeneously
stepped (223) surface orientation, similar to the adsorption of Pb/Si(557) [41]. Again (

√
3×√

3) diffraction spots are visible, but in addition also diffraction spots originating from a
(2
√

3× 2
√

3) reconstruction are present. In consequence of the formation of (223) facets, the
initial (557)-oriented surface builds up larger (111)-areas in order to maintain the average
inclination. This local refacetting shows up in STM by the formation of bundle-like structures.
Their width is around 20 nm and, compared to the low coverage phase, the length decreases
down to 100 nm.
Increasing the coverage even further to 0.9 ML, the diffraction spots coming from (223)

orientation vanish in LEED (Fig. 7.1 (f)). The (2
√

3 × 2
√

3) reconstruction becomes more
intense and a streaky feature appears at the ×2 positions. However, the appearance is quite
similar to the intermediate coverage phase. The nanowire bundles still exhibit approximately
the same size, but now the structure of these bundles can be resolved more clearly even in a
large scale STM picture shown in Fig. 7.1 (c). They seem to consist of few nanowires which
appear to be much wider than in the case of less Sn coverage. In the following, the atomic
structure of the nanowires at the different Sn coverages will be explained in more detail.
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Figure 7.1: (a–c) STM images of Sn coverage dependent phases on Si(557): (a) 0.4 ML (tunneling
condition V = −1 V, I = 1 nA), (b) 0.6 ML (V = 1 V, I = 0.1 nA) and (c) 0.9 ML
(V = −2 V, I = 0.1 nA). Arrows indicate the directions of the linescans shown in the
insets. (d–f) LEED images taken at electron energies around 80 eV corresponding to the
STM pictures shown above. Dashed lines indicate the (1× 1) (green), (

√
3×
√

3) (red),
×2 (purple) and (2

√
3 × 2

√
3) (blue) unit cells in reciprocal space, white arrows show

the ×2 positions. Inset in (d): Enlarged area around the (1 × 1) spot highlighting the
spot splitting ∆k across the step direction of the Si(557).

7.1.1 Intermediate and high coverage nanowires

The α-Sn phase on Si(111), which is described in detail in chapter 6, comprises ideally 1/3 ML.
For higher coverages a mixture of (

√
3×
√

3) and (2
√

3×2
√

3) domains is expected, according
to the phase diagram for Sn/Si(111) [183] (cf. Fig. 6.1). The latter phase has a nominal Sn
coverage of around 1.2 ML [185]. Although the atomic structure is still under debate, latest
results favor the model by Toernevik et al. containing 14 Sn atoms per unit cell arranged in
a double layer, with its top layer comprising of four atoms [187, 190].
The (111)-terrace size of the clean and homogeneously stepped Si(557) surface is 1.9 nm,

thus large enough to form a (2
√

3× 2
√

3) unit cell. Obviously, a different scenario is energet-
ically favored, as seen in Fig. 7.2 for 0.6 ML Sn. The double layered (2

√
3× 2

√
3) structure

destabilizes the step structure of the Si(557) surface and increases the width of the (111)
terraces. The (111) terraces are between 5 and 20 nm wide and, indeed, a phase mixture of
(
√

3 ×
√

3) and (2
√

3 × 2
√

3) reconstructions is observed on them (Fig. 7.2 (b)). As a con-
sequence, steeper areas are formed resembling locally a (223) facet structure. They consist

73



Chapter 7 Formation of Sn-induced nanowires on vicinal silicon surfaces

Figure 7.2: (a) STM image (V = −1 V, I = 0.1 nA) of the 0.6 ML Sn phase on Si(557). (b) Enlarged
image of the coexisting (

√
3×
√

3) and (2
√

3×2
√

3) structure on the (111) terraces taken
at (-1 V, 80 pA), unit cells are indicated in red and blue, respectively. (c) Enlarged image
of the (223) oriented part (-1 V, 50 pA). The arrows indicate the directions where the
line scans, shown in (d) and (e), were taken.

of small steps with a distance of 1.58 nm, as seen in Figs. 7.2 (c) and (d). On each step,
two rows of Sn atoms can be resolved. Along the chains the Sn atoms have a spacing of
2aSi = 0.75 nm (see Fig. 7.2 (e)), corresponding to the sharp ×2 phase seen in LEED (cf.
Fig. 7.1(e), purple unit cell). This reconstruction is concomitant with a step-step correlation
within the (223)-facet structure giving rise to the sharp diffraction spots and has been seen
for other systems as well [211, 212]. As obvious from Fig. 7.2 (c), these atomic chains are not
as free of defects as other nanowire systems on vicinal substrates (cf. chapter 8). In order to
improve the long-ranged order along the steps, additional 0.1 ML of Sn were added with the
substrate temperature kept at 550 ◦C. However, the additional Sn tends to accumulate only
on the (111) terraces, not on the (223) facets, resulting in even larger (2

√
3× 2

√
3) domains

on the (111) terraces, and eventually covering the entire terrace when the Sn coverage is
increased even more.
Above a Sn coverage of ≈ 2/3 ML, the high coverage nanowire phase represents the ma-

jority. The wider (111) terraces are completely covered by a (2
√

3× 2
√

3) reconstruction and
further excess Sn would have to accumulate on the local (223) orientated parts. Although
these small terraces provide a width suitable for the formation of a (2

√
3 × 2

√
3) unit cell,

larger domains are favored and further Sn deposition leads to step bunching, resulting in
a surface dominated by large (111) terraces (Fig. 7.3 (a)). They are entirely covered by a
(2
√

3 × 2
√

3) reconstruction. The terrace widths appear to be quite irregular, but they are
usually a multiple of 1.33 nm, which is the lattice constant of the Sn reconstruction.
Summarizing this part, the formation of extended α-Sn phases, which may undergo a metal

to insulator transition at low temperatures, and (2
√

3× 2
√

3) reconstructions on (111) areas
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Figure 7.3: (a) STM image of the 0.9 ML Sn phase on Si(557). Blue arrow indicates the direction
of the linescan shown in (b). (c) Enlarged image of the (2

√
3 × 2

√
3) structure on the

terraces. The unit cell is indicated in blue. Images were taken at (V = 2 V, I = 60 pA)

drive the refacetting of the initial Si(557) orientation. This is in contrast to Pb/Si(557), where
the nesting condition found for Pb/Si(557) favors the formation of a (223) facet structure
with a well defined atomic Pb-induced reconstruction [41, 112] (see chapter 2.3 and 8 for
more details).

Intermediate coverage nanowires grown on a Si(223) substrate

A further approach for decreasing the defect sites of the intermediate coverage nanowires
was made by changing the inclination angle of the Si substrate. Although Si(557) is widely
used as a template for nanowires growth (e.g., [213–216]), it might not always be the ideal
choice. As mentioned above, for the intermediate coverage nanowires, the formerly (557)
oriented substrate surface is locally modified to (223) facets that are separated by wider (111)
terraces. In order to avoid the latter and improve the long-range ordering of the nanowires,
the feasibility of growing Sn nanowires on a Si(223) substrate was studied.
The Si(223) substrate itself is inclined by 11.4 ◦ towards [112] compared to the flat (111)

surface [217], which is approximately 2 ◦ more than in case of Si(557) [218]. By means of
LEED, a faint indication of a steptrain along the [112] direction is visible (see Figs. 7.4 (a)).
Its spot splitting ∆k ≈ 11 %SBZ corresponds to an average terrace width of 9aSi ≈ 3 nm
separated by double steps, with aSi = 0.332 nm being the Si lattice constant in [112] direction.
This is confirmed by STM measurements and a linescan taken perpendicular to the steps (cf.
Fig. 7.4 (b) and (c)), which show a homogeneously faceted surface. However, the step edges
appear to be quite rough and irregularly shaped, which might explain the high background
intensity observed in LEED.
Around 0.6 ML Sn were evaporated on this surface, following the same procedure as for
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Figure 7.4: (a) LEED taken at an electron energy of 60 eV and (b) STM images (V = −1.1 V,
I = 50 pA) of the bare Si(223) substrate. Dashed lines highlight the (1× 1) (green) and
(
√

3 ×
√

3) (red) unit cells in reciprocal space. The arrow in (b) indicates the position
of the linescan shown in (c).

Figure 7.5: (a) LEED taken at an electron energy of 60 eV and (b) STM images (V = 1 V, I = 60 pA)
of the 0.6 ML Sn phase on Si(223). Dashed lines highlight the (1 × 1) (green) and
(
√

3×
√

3) (red) unit cells in reciprocal space, white arrows the ×2 positions. The arrow
in (b) indicates the position of the linescan shown in (c).
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the intermediate coverage wires grown on Si(557). Evoked by the Sn evaporation, the sur-
face reconstruction changes from a double-stepped to a single-stepped topography. This is
seen in Fig. 7.5 via LEED and STM images, as well as a linescan taken along the direction
perpendicular to the Sn nanowires. The splitting between adjacent diffraction spots along
the steptrain turns out to be the same as for Sn/Si(557), namely ∆k = 21.3 %SBZ, which
corresponds to a terrace width of 42

3 aSi = 1.55 nm. Hence, the Sn-induced single-stepped
(223) orientation is stable even without the close vicinity of wider (111) terraces. However,
in Fig. 7.5 (a) faint (

√
3×
√

3) diffraction spots are observable, which originate from the Sn
reconstruction on (111) terraces. This leads to the conclusion, that some wider (111) terraces
are yet present on the surface, although their amount is much less than for Sn/Si(557). Fur-
thermore, the quality nanowires itself is not improved by the use of this substrate. They still
show a similar defect density, that remains unchanged upon further Sn adsorption. Besides,
the interchain coupling is reduced in this case, according to the LEED image. Compared to
Sn/Si(557) (see Fig. 7.1 (e)), the diffraction pattern has changed at the ×2 position. Instead
of distinct spots indicating a long-range intrachain correlation, it appears for Sn/Si(223) as
a streaky feature. Contrary to similar phases reported for Pb/Si(557) [219], it is not possible
to convert one phase into the other by high-temperature annealing.

7.1.2 Low coverage nanowires: a pseudo-gapped Mott state?

For the low Sn-coverage regime the initial surface structure of Si(557) is preserved. The
spacing between two adjacent terraces is 5.73 nm (cf. Fig. 7.6 (b)) which corresponds to
the spot splitting observed by LEED. STM measurements shown in Fig. 7.6 reveal that
the surface structure consists of approximately 3 nm wide (111) terraces covered with a
(
√

3×
√

3)-Sn structure separated by triple steps, similar to Ag/Si(557) [215]. The (
√

3×
√

3)-
Sn reconstruction on the mini-(111) terraces is well-known for the α-Sn phase on Si(111) with
a coverage of 1/3 ML[184, 185]. The ×2-periodicity originates from Si-dimers along the step
edges. The edge roughness is mainly a result of the zig-zag edges of the Sn-reconstruction
along the [11̄0]-direction.
Compared to higher coverage phases, only the 0.4 ML Sn-phase on Si(557) results in the

formation of a homogeneously stepped structure with defined 3 nm wide stripes hosting a
α-Sn reconstruction. As mentioned, the α-Sn/Si(111) system is a prototype system for a
metal-insulator transition at Tc ≈ 70 K (cf. chapter 6) [66]. Therefore, this phase is suitable
to probe finite-size effects for a surface Mott system. As shown in Figs. 7.7 (a) and (b)
energy distribution curves (EDC) were taken at two different points in k-space at 40 K.
Along the [11̄0]-direction, the spectral weight at EF is strongly suppressed for both the flat
and the vicinal surface. On the other hand, whereas along the [112̄]-direction the surface
state on the flat surface shows a clear Mott gap, a considerable intensity is found at EF
for the same state on the vicinal surface. The band maps, which correspond to the EDCs,
are shown in Figs. 6.10 (c) and (d), as well as curvature plots ((e) and (f)). The latter
shows the dispersion of the surface state in more detail. The calculated band structure of
α-Sn/Si(111) [205] is superimposed in order to highlight the alteration of the surface state in
case of the vicinal substrate, especially in the [112̄]-direction. Furthermore, the intensity of
the Sn/Si(557) surface state appears to be weaker than for Sn/Si(111). Since a lack of sample
quality is excluded by means of LEED, which was done prior to the ARPES measurements,
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Chapter 7 Formation of Sn-induced nanowires on vicinal silicon surfaces

Figure 7.6: (a) STM image of the 0.4 ML Sn phase on Si(557). Red arrow indicates the direction of
the linescan shown in (b). (c) Enlarged image of the (

√
3×
√

3) structure on the terraces.
The unit cell is indicated in red. Images were taken at (V = 1 V, I = 1 nA)

the decrease in intensity is attributed to the confined size of the α-Sn reconstruction, and the
presence of stepped areas in between. Apparently, the Sn/Si(557) system in this coverage
regime resembles a pseudo-gapped Mott state.

7.2 Summary and conclusion

In summary, the growth of Sn on Si(557) substrates was studied in detail. In total, three
different stable phases were identified. For coverages needed to form the α-Sn phase on
Si(111), the initial surface facet structure is maintained. Increasing of the Sn coverage leads
to (2

√
3 × 2

√
3) domains, that tend to develop on large (111) terraces. That first results

in locally (223) oriented parts separated by wider (111) terraces, and eventually, the whole
surface is covered with (111) terraces due to step bunching.
For coverages of 0.4 ML Sn, a homogeneously stepped array of α-Sn nanowires is found.

ARPES measurements on this phase below Tc for the Mott transition on Sn/Si(111) clearly
showed a metallic surface state in the direction across the nanowires. As introduced in
chapter 2.1.3, Ming et al. [46] succeeded in doping the α-Sn/Si(111) phase via changing the
substrate’s doping level. Upon hole doping, STS measurements show the development of
a quasi-particle state inside the Mott-insulating gap of the system. In the case considered
here, doping might be induced via step edges. As already known for Ag/Si(557), excess
atoms adsorbed on step edges leads to electron-doping of the system. Along the step edges
of these Sn nanowires, silicon dimers are present as well as Sn atoms. This may lead to an
additional state close to EF, which is seen in ARPES in superposition with the insulating
state originating from the α-Sn phase.
Alternatively, the finite width of the α-Sn nanowires should be considered, which is com-
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Figure 7.7: (a), (b) EDCs for surface states along the [11̄0]- direction (at ky ≈ −0.5 Å, kx = 0 Å)
and [112̄]-direction (at kx ≈ 1.6 Å, ky = 0 Å), respectively. Red lines correspond to
low coverage Sn/Si(557) nanowires, green lines are from α-Sn/Si(111) and are shown for
comparison. c) Band maps of the Mott-state along the [11̄0]-direction for α-Sn phase
on Si(111) (left, 90 eV photon energy, 40 K) and Si(557) (right, 44 eV photon energy,
40 K). d) Band maps like in panel c) but along the [112̄]-direction. (e), (f) Curvature
maps of (c) and (d) to highlight details of the band structure. The Sn/Si(111) data
were reproduced from data shown in Ref. [182]. The dashed lines refer to band structure
calculations for Sn/Si(111) [182, 205].

parable to the coherence length of the Mott state which can be approximately calculated
via ξ = 2~vF/π∆, where ∆ is the energy gap and vF the Fermi velocity of the electrons
[220]. From the ARPES data ξ ≈ 2− 3 nm can be estimated; thus the finite width along the
[112̄]-direction quenches the Mott state in this direction resulting in a pseudo-gapped Mott
state in α-Sn nanowires.
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Chapter 8
Pb nanowires on a vicinal silicon substrate

Pb structures with coverages of 1.3 ML grown on vicinal silicon substrates have attracted
much interest during the last decades as they host peculiar spin properties. For instance,
Pb/Si(553) was reported to arrange in a well-ordered nanowire array, which electronically
has a purely 1D character with metallic surface states showing a giant Rashba-type spin-
orbit splitting [221–223]. The Pb/Si(557) system presented here exhibits a peculiar inherent
instability. Growing Pb structures close to the desorption temperature of Pb, i.e., 330 ◦C,
leads to a local refacetting of the surface. Depending on the exact Pb coverage in the range
of 1.2 and 1.6 ML, various differently oriented facets are observable, e.g. (112), (335), or
(223) [216]. The deviation from the overall (557) orientation is compensated by wider (111)
terraces, or non-periodic step bunches.
In the case of the particular Pb coverage of 1.3 ML, the surface undergoes a refacetting to

a local (223) orientation. The resulting (223) mini-terraces have a width of 42
3 aSi = 1.55 nm,

with aSi = 0.332 nm being the Si lattice constant in [112] direction. It corresponds to a spot
splitting of ∆ky = 21.3 %SBZ seen in the SPALEED pattern displayed in Fig. 8.1 (a) [216].
On top of the terraces, the Pb atoms are supposed arrange in a densely packed (

√
3×
√

3)R30 ◦
reconstruction with four Pb atoms per unit cell [43]. Despite the existence of several STM
images published in literature, e.g. [41, 43], actual high resolution images revealing the exact
atomic positions are still missing up to date.
Interestingly, the system reversely switches between 1D and 2D properties by the change of

temperature. Below a critical value of Tc ≈ 78 K, a 1D metallic state with high conductance
is present along the nanowires, while it is insulating in the direction perpendicular to them.
The conductance anisotropy is drastically reduced for higher temperatures, as depicted in
Fig. 8.1 (b) [42–44]. This one-directional metal-insulator transition is explained by the for-
mation of a SODW introduced in chapter 2.3, due to a delicate interplay between SOC and
electronic correlations strength of the system [103, 107]. The quite exotic insulating state is
robust even upon adding small amounts of excess Pb coverage onto the surface, as proved by
the preservation of the spin order of the system [41]. Indeed, the excess coverage tends to
decorate the step edges, instead of random adsorption on top of the terraces. Several differ-
ent periodicities up to a length of six times the terrace width were reported from SPALEED
investigations [45]. In the course of this, a decoration of every second step edge is achieved
for δθ = 0.1 ML, and consequently, all edges are covered for δθ = 0.2 ML. However, the
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Chapter 8 Pb nanowires on a vicinal silicon substrate

Figure 8.1: (a) SPALEED pattern taken from Ref. [216]. The red arrows indicate the directions of
the linescan shown in Fig. 8.6. (b) Conductance as a function of temperature from Ref.
[42, 44] of ∼ 1.3 ML Pb on Si(557). For the data points marked by red circles (black
squares), conductance was measured along the [110] ([112]) direction, that is parallel
(perpendicular) to the nanowires.

particular adsorption site along the edges has not been determined so far.
Within the scope of this chapter, new insights in both structural and electronic properties

are introduced. The measurements presented in the following were carried out by using
the LT-STM as described in chapter 4.1.2. Three different temperatures were chosen for
operation, i.e., RT, 80 K, and 6 K, in order to acquire data above and below Tc. For the
latter two temperatures, LN2 or LHe served as coolant.
Samples were prepared using degassed and flash-annealed phosphorous-doped Si(557) sub-

strates (ρ < 5 mΩcm) as a template, clearly showing both (7 × 7) reconstruction and a
step-train pattern in optical LEED. For nanowire growth, Pb was evaporated employing a
two-step recipe. First, 2 ML Pb was applied with the substrate held at 330 ◦C, afterward, the
substrate temperature was lowered to 300 ◦C for deposition of additional 1.5 ML Pb. During
the first step, the Pb atoms do not stick to the surface due to the elevated temperature, but
rather bombard it in order to destroy the Si-(7×7) reconstruction. This leads to a destabiliza-
tion of the triple steps and induces obviously a refacetting to a single-stepped surface, which
is stabilized by Pb adsorption throughout the second stage of the recipe. The resulting total
coverage is approximately 1.3 ML. The nanowires may be tuned by adding additional Pb up
to an excess coverage of δθ = 0.2 ML. In this case, a wide range of substrate temperatures
is applicable, i.e., the arising structure remains the same for sample temperatures between
80 K and RT, due to the high mobility of Pb atoms even at low temperatures.

8.1 Structural properties
As already pointed out in the introduction of this chapter, it is well-known that the prepa-
ration of the Pb/Si(557) system with a Pb coverage of about 1.3 ML leads to a refacetting
of the surface. The arising reconstruction consists mainly of single-stepped (223) oriented
parts separated by a minority phase of wider (111) terraces, which compensate the deviation
to the overall (557) orientation. This is observable by means of STM, as displayed in Fig.
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8.1 Structural properties

Figure 8.2: (a) Overview STM image of the Pb/Si(557) surface, showing (223) oriented nanowires
separated by wider (111) terraces (tunneling conditions: U = −1 V, I = 0.5 nA, T =
80 K). Exemplarily, an area with nanowires is marked by the white rectangle, as well
as two different Pb reconstructions namely SIC and a modulated Pb-

√
3 phase in red

or blue, respectively. (b) Linescans along the direction indicated by the green arrow in
(a). (223) oriented parts are drawn in black; the color of the (111) terraces correspond
to their Pb reconstruction (cf. panel (a)).

8.2 (a). The linescan taken in the direction perpendicular to the step edges (see Fig. 8.2 (b))
clearly shows the two local orientations as well as the distance of 1.58 nm between adjacent
nanowires. In order to model the atomic structure of the nanowires present on the (223)
facets in the following (chapter 8.1.2), it is focused first on the (111) terraces. Although it is
the minority on this surface, their structural model is easier to deduce from the STM images
owing to their larger individual size, and the structure of the nanowires can be derived based
on it afterward.

8.1.1 Pb phases on (111) terraces

Apparently, at this coverage two different structures coexist on the larger (111) terraces, which
can be distinguished even in large-scale images (cf. Fig. 8.2 (a) or Ref. [219, 224]). On the one
hand, a rather flat reconstruction, and on the other hand a phase that exhibits a modulation
which causes pronounced stripes. Considering the phase diagram of Pb/Si(111) [225], the
so-called striped incommensurate phase (SIC) is found for Pb coverages of θ = 4/3 ML. Its
comprises Pb tetramers arranged in a (

√
3×
√

3) reconstruction. The tetramer’s central atom
can be either located above a hollow site of the topmost Si honeycomb (H3), or on top of a
Si atom of the second Si layer (T4), while the surrounding three atoms occupy off-centered
positions above a Si atom of the first Si layer (T1) [226, 227]. These two adsorption geometries
are energetically almost identical and thus similarly often occupied [227, 228]. This gives rise
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Chapter 8 Pb nanowires on a vicinal silicon substrate

Figure 8.3: (a) STM image of a wider (111) terrace featuring the SIC phase (U = −0.5 V, I = 0.5 nA,
T = 80 K). The (

√
3×
√

3) unit cell is highlighted in red. A step edge is located at the
bottom edge of the picture. The dashed arrow indicates a distance of 3aSi = 1.152 nm
parallel to the step edge. (b) Top-view structural model of the SIC phase. It consists
of tetramers composed of one central atom (red) and three surrounding atoms (green),
arranged in a (

√
3×
√

3) reconstruction. The central atom of these tetramers is located
either at the T4 or H3 adsorption site, while the surrounding atoms occupy off-centered
T1 positions. These domains may vary in size and are separated by quasi-(

√
7 ×
√

3)
domain walls (indicated in pink) [226, 227, 229].

to the formation of domains, which are separated by quasi-(
√

7 ×
√

3) domain walls [225,
229]. As the domain walls have a slightly lower Pb density than the Pb-(

√
3×
√

3) tetramers,
the actual Pb coverage of the SIC phase is about 1.3 ML [228].
Indeed, the SIC phase is present on most of the larger (111) terraces of Pb/Si(557). Fig.

8.3 (a) shows a STM image of such an area. Due to the finite size of the terraces, one of
the three possible rotational domains is favored, i.e., in order to maximize the domain size,
the domain walls run perpendicular to the step edge. The corresponding structural model is
depicted in Fig. 8.3 (b). Like for the Pb/Si(111) SIC phase, the (

√
3 ×
√

3) reconstruction
consists of Pb tetramers, and the T4 and H3 domains are separated by quasi-(

√
7 ×
√

3)
domain walls. In STM, these tetramers appear as triangular patterns, since the central atom
appears lower than the surrounding three Pb atoms due to it’s adsorption site [143]. Hence,
the linescan in Fig. 8.3 (c) displays a periodicity of

√
3aSi cos(30 ◦) = 0.576 nm instead of

around aSi = 0.384 nm, as expected from the structural model.
The second phase observed on the (111) terraces is depicted in Fig. 8.4 (a). The STM

picture shows a terrace that varies in width. To the right side, it is larger and several
(
√

3×
√

3) unit cells of the SIC phase can be identified. They were used for calibration of the
underlying silicon lattice in order to construct a structural model of the second phase. The
second phase itself exhibits an atomically resolved structure that appears to be modulated in
height. A linescan in Fig. 8.4 (b) determines the length of the modulation to about 2.4 nm.
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8.1 Structural properties

Figure 8.4: (a) STM image of a wider (111) terrace featuring the modulated Pb-
√

3 phase (U = −1 V,
I = 0.5 nA, T = 6 K). Towards the right side the terrace width increases giving rise
to a H3 SIC domain. The unit cells of both phases are highlighted in red and blue,
respectively. The blue arrow illustrates the domain size of the dense Pb-

√
3 structure.

The vertical white line is a tip artifact. (b) Linescan along the terrace, highlighting
the modulation present on it. (c) Top-view structural model of the modulated Pb-

√
3

phase. It is made of tetramers roughly arranged in a (
√

3 ×
√

3) reconstruction, which
is compressed in [110] direction. The domain size is 12.5aSi = 4.80 nm.

Actually, the actual size of the Pb superstructure unit cell is doubled in size. For modeling
of the atomic structure, a close resemblance to the SIC phase was assumed, i.e., it consists of
tetramers which appear as triangular patterns. This seems to be reasonable as it results in a
Pb coverage only slightly higher than the SIC phase, but differs from a previously suggested
quasi-(1 × 1) reconstruction for structures with a similar appearance in STM emerging at
domain boundary intersections of SIC-Pb/Si(111) [230]. However, for the latter, a trimer
structure and thus a lower coverage of only 1 ML Pb for the SIC phase was supposed.

In contrast to the SIC phase, for the modulated Pb phase, the spacing between adjacent
tetramers is less, resulting in a more densely packed structure. Hence the adsorption sites of
the tetramers differ which gives rise to the observable superstructure with a unit cell length
of 12.5aSi = 4.80 nm (cf. Fig. 8.4 (c)). The doubling of the supercell length compared to the
modulation seen in the linescan is due to energetically similar adsorption sites. For central
atoms adsorbed either at H3 or at bridge positions between T1 and T4, the structure appears
to be higher in STM, whereas all other tetramers are darker in contrast.
On the Pb/Si(557) surface, both phases present on the (111) terraces are not distributed

equally. The majority is covered by the SIC phase, whereas the modulated Pb phase only
develops on terraces with a width of approximately 3 nm. Furthermore, the distances between
maxima of the modulation vary around 2 and 2.4 nm [224]. This leads to the conclusion that
the modulated phase is not limited to a specific value of Pb coverage but rather exists in
a certain range of θ ≈ 1.44 − 1.46 ML due to variable spacings between the Pb tetramers.
As the SIC phase comprises 1.3 ML, any higher Pb coverage present on the surface may be
compensated by the development of modulated phase domains.
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Chapter 8 Pb nanowires on a vicinal silicon substrate

Figure 8.5: (a) High resolution STM image of the (223) faceted part showing four Pb nanowires
(U = 0.5 V, I = 0.3 nA, T = 6 K). The arrangement of Pb atoms differs at the step
edges, resulting in two different arrangements of bright protrusions (marked by orange
and blue rectangles). These two configurations are alternately present on every second
step edge. (b) Linescan perpendicular to the nanowires (red arrow in (a)) showing the
distance of 1.58 nm between adjacent step edges. (c) Linescans along two nanowires
with different step edge configuration (solid orange and blue arrows in (a)) showing a
modulation of 4.6 nm and 4.2 nm. (d) Linescans highlight the two different step edge
configurations (dashed/ dashed-dotted orange and blue arrows marked in (a)). Dotted
black lines point out the strong correlation between adjacent chains.

8.1.2 Nanowires on (223) facets
The Pb nanowire-like structure that will be discussed in this section arises on the (223) faceted
parts that are enclosed by the wider (111) terraces. In order to highlight the structural change
triggered by small amounts of Pb excess coverage, measurements were done on samples with
additional δθ ≈ 0.1 ML Pb adsorbed at RT after the execution of the standard two-step
recipe for Pb nanowire growth, as already described in the introduction of this chapter.

An atomically resolved STM image of four of the nanowires is shown in Fig. 8.5 (a). The
spacing of 1.58 nm between adjacent step edges is consistent with the local (223) orientation
(see Fig. 8.5 (b)), while the mini-terrace itself has a width of 42

3aSi = 1.55 nm [43, 216].
Strikingly, the arrangement of Pb atoms differs at the step edges, appearing as two different
arrangements of bright protrusions in STM. Linescans taken directly along the step edges (see
Fig. 8.5 (d)) show either a double peak structure or single peaks. The periodicity of both
is approximately 0.70 nm, which is smaller than 2aSi = 0.768 nm expected for dimerized
Si bonds. Furthermore, adjacent step edge configurations are in-phase, pointing towards
a strong interchain coupling. These two configurations are alternately occurring on every
second step edge, just as it was concluded previously from the appearance of extra diffraction
spots in SPALEED measurements taken along the [112] direction, i.e., perpendicular to the
nanowires [216]. It will be shown in the following that the Pb excess coverage accumulates at
the mini-terraces with double-peaked step edges, while the terraces with single protrusions
are covered by the initially deposited 1.3 ML Pb.
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Figure 8.6: (a) FFT of the STM image in Fig. 8.5 (a). Linescans along (b) the [112] and (c) the
[110] direction are indicated with blue arrows. For comparison, linescans taken along the
same directions in Fig. 8.1 (a) are shown in red. In (c), arrows indicate the positions of
the
√

3, ×2 and (0, 0) diffraction spots.

In Fig. 8.5 (c), linescans taken in [110] direction parallel to the nanowires are displayed.
They highlight a vertical modulation of the atomic structure present on terraces both with
and without Pb excess coverage. Considering different mini-(111) terraces, the modulation
length varies slightly being 4.6 nm or 4.2 nm for nanowires with or without additional Pb,
respectively. Noticeable, both lengths are roughly multiples of the silicon lattice constant,
namely 12aSi or 11aSi. In previous publications on Pb/Si(557), STM images always revealed a
constant modulation length of 10aSi [43, 216]. However, from SPALEED data measuring the
spot splitting of the

√
3 diffraction spot, it was already deduced that tiny amounts of Pb excess

coverage do not only decorate the step edges but simultaneously alter the wavelength along
the terraces [216]. For instance, for coverages between 1.30 and 1.314 ML, the modulation
length varies from 7aSi to 12aSi, which corresponds to the (1,3) and (1,6) phase in terms of
the devil’s staircase phases [216]. Hence, the wavelengths of 12aSi and 11aSi already point
towards a modification of the structure due to the adsorbed 0.1 ML of excess Pb.
In order to model the actual atomic structure of the nanowires, first a fast Fourier transfor-

mation (FFT) of the STM image shown in Fig. 8.5 (a) was done (see Fig. 8.6 (a)). Along the
[112] direction (cf. Fig. 8.6 (b)), the spot splitting represents the step distance of 1.58 nm,
which is in accordance with the SPALEED image of Pb/Si(557) (see Fig. 8.1 (a)), but any
extra diffraction spots due to the excess coverage cannot be resolved due to the small size
of the transformed STM image. Furthermore, a linescan along the [110] direction (see Fig.
8.6 (c)) reveals a faint intensity of the

√
3 diffraction spots. It indicates an atomic structure

similar to the modulated Pb-
√

3 phase observed on the wider (111) terraces. In that case,
the triangular patterns originating from the Pb tetramers, which form the (

√
3 ×
√

3), are
not as pronounced in STM as for the SIC phase.
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Chapter 8 Pb nanowires on a vicinal silicon substrate

Figure 8.7: (a) Enlargement of the nanowire without Pb excess coverage marked with the blue arrow
in Fig. 8.5 (a) (U = 0.5 V, I = 0.3 nA, T = 6 K). Contrast enhancement was done by
aligning the height of the lines in the STM picture. (b) Top-view structural model of
the (223) facet. On the mini-terrace is a dense Pb-

√
3 phase, consisting of tetramers

marked by red and green circles, with a modulation of 11aSi = 4.22 nm. Blue circles
denote Pb atoms arranged in two rows along the step edge with a periodicity of 0.70 nm
each. Parts of this model are superimposed on (a) to highlight their good agreement.

Moreover, parts of the STM image shown in Fig. 8.5 (a) were contrast enhanced by aligning
the height of the lines. The resulting image for a mini-terrace without Pb excess coverage is
displayed in Fig. 8.7 (a). For creating the structural model, a similar approach was chosen
as for the modulated Pb phase on larger (111) terraces (cf. chapter 8.1.1), as implied by the
FFT. First of all, the underlying silicon lattice was calibrated using a zoomed out picture at
the same position as Fig. 8.5 (a), but also showing a larger (111) terrace featuring the SIC
phase. The Pb atoms on top were arranged as tetramers that form a compressed (

√
3×
√

3)
reconstruction to fit the observed pattern. Although the central atom of the tetramers still
remains hidden, it is a suitable approach as the

√
3 diffraction spot is split due to varying

modulation lengths [216]. Like on the (111) terraces, the modulation of 11aSi = 4.22 nm is
caused by different adsorption sites occupied by the tetramers. In this case, the compression
of the Pb structure does not only occur along the terrace but in [110] direction as well. Hence,
the bridge site positions in between T1and T4 are not exactly met but rather shifted to T1.
Since the appearance in STM of tetramers having this position differs from H3 occupied sites,
the linescan resembles the actual modulation present on the mini-terrace.
Concerning the step edges, it has been previously assumed [216], that for terraces without

Pb excess coverage dimerized silicon bonds remain present at step edges. Indeed, a periodicity
of roughly 2aSi is observed at the step edges, but it is modulated in the same fashion as the√

3 reconstruction on top of the mini-terraces. Hence this leads to the conclusion that these
features are rather due to two rows of Pb atoms. They decorate the step edge as drawn in
Fig. 8.7 (b), which results in its earlier mentioned single-peaked features seen in the linescan
(cf. Fig. 8.5 (d)).
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Figure 8.8: (a) Enlargement of the nanowire with Pb excess coverage marked with the orange arrow
in Fig. 8.5 (a) (U = 0.5 V, I = 0.3 nA, T = 6 K). Contrast enhancement was done by
aligning the height of the lines in the STM picture. (b) Top-view structural model of
the (223) facet. On the mini-terrace is a dense Pb-

√
3 phase, consisting of tetramers

marked by red and green circles, with a modulation of 12aSi = 4.61 nm. Unlike in Fig.
8.7 (b), additional 0.2 ML Pb excess coverage (orange circles) are present, leading to a
tilting of some of the tetramers. Along the step edge, the upper chain of Pb atoms (blue
circles) is now completely filled, showing a periodicity of slightly less than aSi. Parts of
this model are superimposed on (a) to highlight their good agreement.

The same procedure has been carried out to establish a structural model of the terraces
covered with excess Pb. The corresponding contrast-enhanced STM image, as well as the
resulting model, is shown in Fig. 8.8. In this case, the modulation length of the compressed
Pb phase along the terrace is determined to be 12aSi = 4.61 nm. Compared to the structure
without Pb excess, the unit cell of the Pb reconstruction is a bit larger, like it is expected
from the shrinking of the

√
3 diffraction spot-splitting observed for higher coverages [216].

Structurally, two prominent modifications occur. On the step edge, the upper chain of
Pb atoms is now completely filled, which changes its periodicity to slightly less than 1aSi,
and leads to the double-peaked protrusions along the edge. Furthermore, an additional row
of Pb atoms is adsorbed on top of the mini-terraces. Since the (

√
3 ×
√

3) reconstruction
on these terraces is already quite densely packed even without excess Pb, the additional Pb
row induces a tilting of the adjacent row of tetramers. Taking into account the amount of
excess Pb atoms on this terraces (marked with orange circles in Fig. 8.8 (b)), a total coverage
change of approximately δθ ≈ 0.2 ML compared to the previously discussed terrace (cf. Fig.
8.7) is calculated. Since the excess Pb atoms accumulate on every second terrace, an overall
coverage of δθ = 0.1 ML is present on the (223) faceted part of the surface.

In order to highlight the small differences between the nanowires without and with Pb
excess coverage, both of their STM images are partly superimposed by the structural models
and displayed in Fig. 8.9. Arrows mark exemplarily the positions of one row of Pb atoms in
the direction across the wire. Thus, both the additional Pb row on the mini-terrace as well
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Chapter 8 Pb nanowires on a vicinal silicon substrate

Figure 8.9: Comparison of the nanowires without (left) and with (right) Pb excess coverage (U =
0.5 V, I = 0.3 nA, T = 6 K, cf. Figs. 8.7 and 8.8). Parts of the corresponding structural
models are superimposed. Arrows mark similar positions as the highly colored circles
of the structural models to highlight the differences between both nanowire types. Pb
excess atoms are drawn in orange.

as the filling of the upper Pb chain along the step edge can be clearly identified.

8.2 Electronic properties
In the scope of this work, the electronic structure was probed by means of STS. In Fig.
8.10 (a), I(V ) spectra are shown, taken either on the (223) faceted parts covered by 1.3 ML
Pb nanowires, or on the wider (111) terraces with a SIC reconstruction on top. All spectra are
averaged over several curves measured at multiple positions on the sample. The results for two
temperatures, 6 K and 80 K, are plotted in order to allow a comparison between the electronic
properties below and above the phase transition. In this connection, it is noteworthy, that
despite a measured temperature value close to the phase transition temperature of 78 K, the
samples are still in the high-temperature phase. This was ensured by comparing the data
with spectra taken well above Tc, i.e., at RT, which had the same shape but showed a strong
increase in noise.
According to the I(V ) spectra, for T > Tc the nanowires are metallic. Lowering the

temperature to T < Tc leads to the opening of a gap and thus a semiconductor-like I(V )
curve. For the SIC phase on wider (111) terraces, the I(V ) curves at both temperatures
follow the same trend as the data acquired on nanowires.
In order to enhance the visibility of states close to EF, normalized dI/dV curves were

calculated by dividing the simultaneously recorded dI/dV data by the fraction I/V . At
80 K, the nanowires show three pronounced states at 25 mV, −20 mV, and −70 mV and a
finite zero bias conductance, while for the (111) terraces one sharp peak is visible at 45 mV
and two rather broad ones in the vicinity of V = 0 and at −50 mV (see Fig. 8.10 (b)). Upon
cooling down to 6 K, a gap is opened (see Fig. 8.10 (c)), redistributing the LDOS to higher
bias voltages, while the filled states at −70 mV and −50 meV, respectively, remain at the
same position. In order to model the BCS-like gap features in Fig. 8.10 (c), Bardeen-Cooper-
Schrieffer (BCS) theory [231] and an additional broadening with a linewidth Γ associated
with inelastic electron-electron scattering [232] was used,

dI/dV ∝ Re V + iΓ√
(V + iΓ)2 −∆2 . (8.2.1)

Albeit this equation is usually used in the context of superconductivity and it does not fit to
the entire recorded dI/dV data, it seems adequate since it provides a good description of the
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Figure 8.10: (a) Averaged I(V ) spectra taken on the SIC-Pb/Si(111) phase (solid lines) and the
Pb/Si(223) nanowires (dashed lines). Measurements were done either at 6 K (blue) or
at 80 K (red). The latter curves are magnified by a factor of 10. Inset: enlargement of
the curves taken at 6 K around V = 0. The corresponding normalized dI/dV curves
are shown in (b) and (c), shifted vertically for clarity, the horizontal black lines mark
the origin for each curve. EF is highlighted by the vertical black line. In (b) fits of the
insulating gap are indicated in black.

insulating gap. It yields a gap size of 2∆ = (31.8 ± 0.5) mV for the nanowires on the (223)
faceted parts, which is in the same order as the gap size 2∆ ≈ 20 meV previously observed
in ARPES in the direction perpendicular to the nanowires. A slightly larger value of 2∆ =
(43.0± 0.4) mV is calculated for the (111) terraces, while the linewidth is Γ = (4.5± 0.4) mV
for both cases.
Besides, using the BCS ratio of 4.4 obtained for the SIC Pb phase on Si(111) [233], the

critical temperature of the Pb nanowires yields

Tc = 2∆
4.4kB

≈ 84 K, (8.2.2)

which is close to the phase transition temperature of 78 K obtained in transport measurements
[42, 44].
All in all, the results for the nanowires at higher temperatures are in good agreement with

the transport data seen in Fig. 8.1 (b), as well as ARPES data displayed in Figs. 8.11 (a) and
(b), which shows a finite intensity at EF and an increase in intensity upon higher binding
energies [112]. However, a significant deviation occurs for T < Tc. In contrast to STS, both
the transport measurements and ARPES detect contributions originating from the metallic
nanowires. The conductance in the direction along the nanowires is reported to increase below
Tc [42, 44] and ARPES reveals a small but finite intensity at EF in addition to an increase
in spectral weight a few tenth of an eV away from EF corresponding to the insulating state
seen in STS (cf. Fig. 8.11 (c)) [112].
This apparent contradiction can be solved by taking into account the resolution in k-space

of ARPES and STS. The MDCs depicted in Fig. 8.11 (c) were taken along the edge of the
SBZ from the Pb/Si(557) nanowire structure [112]. On the other hand, the current measured
by means of STS is dominated by electronic states at Γ, i.e., the momentum parallel to
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Figure 8.11: EDCs taken along (a) ky at kx = 0 Å−1 and (b) kx at ky = 1.8 Å−1 at temperatures
of T = 40 K (blue line) and T = 100 K (red line). (c) Sequence of MDCs along kx at
ky = 2.25 Å−1 at different energies around EF (T = 40 K). All images were taken from
Ref. [112]

the surface k‖ is around zero. Only if there are no states available, states with non-zero
momentum participate in the tunneling process [120, 234]. This is quantified by a modified
inverse decay length of the tunneling current [120, 121, 234]

κ =
√

2m
~2

φtip + φsample
2 − E + eV

2 + k2
‖, (8.2.3)

which, in contrast to Equation 3.1.3, takes into account k‖. Here, φtip and φsample are the
workfunctions of tip and sample and E is the energy of the state relative to EF. Obviously,
electrons located at the Γ points have the smallest value of κ and an increase in k‖ leads
to a reduction in the measured current. Concerning the SBZ shown in Fig. 2.13 (d), the
insulating state in the direction perpendicular to the nanowires has a parallel momentum of
k[110] = 0.1 Å−1, while the metallic state closest to Γ has a momentum of k[112] = 0.16 Å−1.
In this case, κ is increased by about 20 % for the metallic state at EF compared to the
insulating state located at an energy of E ≈ 20 meV. This leads to a further reduction in
intensity of the metallic state in addition to the considerable difference of spectral weight for
the metallic states compared to the insulating state seen by ARPES (see Fig. 8.11) [112].
It can be concluded, that the metallic state is not accessible directly at EF utilizing STS,

but it is only detectable if higher bias voltages are applied. At EF, the tunneling current
originating from this state is merely in the order of the noise of the measurements, and thus
its contribution cannot be resolved in terms of a finite zero bias voltage. Nevertheless, the
non-flat but instead slightly curved gap edges might be on account of the increase in the
intensity of the metallic states at small bias voltages.
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Figure 8.12: (a) High resolution STM image showing two Pb nanowires, the lower one with Pb
excess coverage (U = 0.5 V, I = 0.3 nA, T = 6 K). (b) Averaged I(V ) spectra taken at
different positions as indicated by the dots and the arrow in (a). Curves measured at the
wires with (without) Pb excess coverage are drawn in orange (blue). (c) Corresponding
normalized dI/dV curves, shifted vertically according to the measurement positions
highlighted in (a). The horizontal black lines indicate the origin for each curve and EF
is marked by the dashed black line.

8.2.1 Tunability via Pb excess coverage
So far, the electronic properties of the nanowires were measured only for the case of 1.3 ML
Pb coverage, i.e., without additional Pb added to the surface. This raises the question, to
what extend Pb excess coverage is able to tune the local density of states of the nanowires.
Therefore, spatially resolved STS measurements were performed on terraces with different
Pb coverages. In Fig. 8.12 (a), a STM picture of two nanowires is displayed. The upper
one is covered by 1.3 ML arranged in the reconstruction shown in Fig. 8.7, while on the
lower one a excess Pb coverage of δθ ≈ 0.2 ML is present (cf. Fig. 8.8). The blue or orange
dots indicate the positions STS data was acquired on, at terraces without or with Pb excess
coverage, respectively.
The I(V ) curves obtained on these positions are plotted in Fig. 8.12 (b). As expected

from Fig. 8.10 (a), the blue curves originating from the terrace without Pb excess coverage
show a gap. In comparison, an extra amount of Pb atoms added on the mini-terraces indeed
changes its electronic properties. This is observable looking at the orange-colored spectra
in Fig. 8.12 (b), which clearly show a closing of the gap, resulting in a metallic behavior.
More insights are given by normalized dI/dV curves displayed in Fig. 8.12 (c). Regarding
the terrace without Pb excess coverage, for the spectra taken on top of the mini-terrace, the
insulating gap is in the same order of size as already shown in Fig. 8.10 (c). However, the
gap size already decreases for the curve averaged over spectra taken at the step edge in the
vicinity of the nanowire with excess Pb. The latter curve even shows a close resemblance
to the curves taken on top of the mini-terrace, where additional Pb is present. Here, the
local density of states exhibits an additional state close to EF, which does not exist if only
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Figure 8.13: (a) Topography and (b) corresponding current images acquired simultaneously by STM
(V = 1 V, I = 0.3 nA, T = 6 K). The orange line in (a) marks the boundary between
the two phases coexisting on the surface.

nanowires without extra Pb coverage present. At the step edge of the lower terrace, this state
gets even more pronounced with its tail crossing EF. Hence, the additional Pb atoms induce a
metallic in-gap state mainly present on the step edge of the terrace they are on. Nevertheless,
it is still noticeable on the mini-terrace, and even influencing the electronic properties of the
adjacent step edge. This leads to the conclusion that in this case the switching between 1D
and 2D conductance at Tc is strongly damped, eventually resulting in a breakdown of the
insulating SODW state for surfaces with each terrace covered by δθ ≈ 0.2 ML, in accordance
with previous studies [41, 235].

8.3 High coverage nanowires
During the investigation of Pb nanowires with an extra amount of Pb added to the surface,
a second type of nanowires was identified on the surface. Large scale STM images (see Fig.
8.13) show a minority phase coexisting with the previously discussed kind of nanowires on
some parts of the sample. In the topographic image, this second phase only appears blurred,
while the domains of both phases can be distinguished clearly in the corresponding current
image, that was acquired simultaneously during the measurement.
An enlarged area of the second phase is presented in Fig. 8.14 (a). This phase preserves the

(223) faceting as seen for the 1.3 ML wires, as the distance between adjacent steps remains
at a value of approximately 1.58 nm (cf. 8.14 (b)). However, the STM image shows that the
mini-terraces are covered by two rows of bright protrusions, both having a spacing of 0.7 nm.
Furthermore, a modulation of ∼ 4 nm is still observable along the terraces. This leads to
the conclusion that these protrusions are induced by a second layer of Pb atoms that cover
the 1.3 ML nanowires. Therefore, they can be considered as high coverage nanowires with
θ ≈ 1.6 ML.
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Figure 8.14: (a) STM image of the Pb high coverage nanowires (V = 1 V, I = 0.3 nA, T = 6 K). The
arrow indicates the direction of the linescan displayed in (b). (c) Normalized dI/dV
spectrum, the corresponding I(V ) curve is shown in the inset.

In contrast to the 1.3 ML nanowires, the high coverage nanowires are conducting even at
low temperatures. The normalized dI/dV spectrum, which was averaged over several curves
taken at different positions along the wires, reveal a finite DOS up to EF at a temperature
of 6 K. This is in accordance with STS measurements presented in chapter 8.2.1, which
already deduced that the insulating SODW state breaks down for terraces covered by an
excess amount of δθ = 0.2 ML Pb.

8.4 Summary and conclusion
In the scope of this chapter, the structural and electronic properties of the Pb/Si(557) surface
covered by 1.3 ML Pb were investigated, and the changes on them triggered by the addition
of Pb excess coverage. Since the Pb/Si(557) undergoes a refacetting to local (223) faceted
nanowire parts separated by wider (111) terraces, both orientations were studied.
On the wider (111) terraces, two different phases were identified. On the one hand, a

single-domain SIC-Pb phase similar to the 2D SIC-Pb/Si(111) phase present at coverages
around 1.3 ML. On the other hand, a minority phase exists on terraces with a certain width
around 3 nm. It comprises of a densely packed (

√
3×
√

3) reconstruction that is modulated
due to different adsorption sites of the Pb tetramers.
The modulated Pb-

√
3 phase was also observed on top of the (111) mini-terraces of the

(223) faceted parts, while Pb atoms at the step edges have roughly a 2aSi periodicity. Any
Pb excess coverage tended to fill up the Pb row at the step edges, and formed an additional
Pb row on top of the mini-terrace, resulting in an even more compressed

√
3 reconstruction.

Structural models for both cases were proposed based on high-resolution STM images.
Electronically, on both the nanowires and the wider (111) terraces undergo a metal-

insulator transition below 78 K. The resulting band gap has a size of 2∆ = (31.8± 0.5) meV
or 2∆ = (43.0±0.4) meV, respectively. Furthermore, it has been demonstrated that the insu-
lating low-temperature state of the nanowires vanishes if a Pb excess coverage of δθ ≈ 0.2 ML
is added to the nanowires. It can be concluded, that primarily the additional Pb atoms deco-
rating the step edges lead to a breakdown of the SODW in this system. Adding even more Pb
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on the surface leads to the formation of domains with high coverage nanowires, which have
a second Pb layer on top of the mini-terraces and stay metallic even at low temperatures.
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Chapter 9
Summary and outlook

In the scope of this thesis, materials with reduced dimensionalities, such as 2D and quasi-
1D systems, were intensively studied with a focus on effects induced by finite size or SOC.
This leads to the observation of the spin texture existing in the low-temperature 2D Mott
insulating phase of α-Sn/Si(111). For the analysis of quasi-1D systems, metallic atomic
nanowires were grown by self-assembly on both flat and vicinal silicon substrates. The main
findings concerning the investigated systems will be summarized in the following, and a short
outlook regarding future research possibilities will be provided at the end of this chapter.

In/Si(111)-(4× 1) reconstruction
In the context of quasi-1D atomic nanowires, the In/Si(111)-(4× 1) reconstruction is one of
the most intensively studied systems. Upon cooling below ∼ 120 K, it undergoes a Peierls-
like metal-insulator phase transition. Due to the doubling of the size both along and across
the nanowires, the low-temperature phase structurally exhibits a (8 × 2) unit cell. This
phase transition does not occur on a specific temperature value but rather shows a thermal
hysteresis behavior, as Tc varies during subsequent heating and cooling cycles [84, 88, 96].
Besides, transport measurements performed on slightly inclined silicon substrates, with 2 ◦
miscut towards the [112] direction, already showed a vanishing of the hysteresis of the sheet
conductivity due to a shift of the onset temperature of the phase transition upon heating,
T2, to lower values, while upon cooling the critical temperature remained constant [88].

A detailed investigation of the influence of spatial confinement on the phase transition tem-
perature caused by the presence surface steps was addressed in chapter 5. The surface state
conductivity was probed via transport measurements. They indeed confirmed a vanishing of
the thermal hysteresis for samples with a high density of steps, i.e., with a miscut of 4 ◦, but
additionally displayed a shift of T1 and T2 to significantly lower temperatures compared to
flat substrates.
It can be concluded that the step edges can affect the phase transition temperature both

during cooling and heating. Upon heating, this is explained by the destabilization of the
(8 × 2) phase due to the reduction of interchain coupling in the vicinity of the step edge,
which is observable even for a low number of steps present on the surface [88]. Since during
cooling the low-temperature phase nucleates inside the (4 × 1) domains, an influence of the
finite terrace sizes is only detectable for a sufficiently high density of steps. In particular, if
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the merely three (4× 1) In nanowires fit onto the terrace, the formation of (8× 2) domains
is forced to set in close to the step edges, and thus is influenced as well by the decrease of
interchain coupling present there resulting in a lowering of the phase transition temperature.

α-Sn phase on Si(111)
The investigations on the α-Sn phase grown on Si(111) are discussed in detail in chapter
6. It is made up of 1/3 ML Sn forming a structural 2D (

√
3 ×
√

3) reconstruction on top
of the substrate. So far, it has been considered a prototypical Mott system, as it shows an
isostructural Mott metal-insulator phase transition below a critical temperature of Tc ≈ 70 K
due to strong electronic correlation effects [66, 206]. Since the spin-orbit gap for Sn atoms
is relatively small compared to, e.g., Pb, because it scales with Z4, the influence of SOC on
this system only recently came into the focus of research.
As it turns out, the intrinsic spin-orbit interaction is not negligible in the low-temperature

phase. By means of spin- and angle-resolved photoemission, a spin-resolved band structure
was now identified. It originates from a row-wise antiferromagnetic order with a (2

√
3×
√

3)
symmetry [21]. This spin unit cell occurs if Sn atoms of the structural (

√
3 ×
√

3) recon-
struction are associated with a spin, and every other row of Sn atoms carries the same spin.
Generally, three rotational domains are present on the surface, and thus the superposition of
their band structures was measured by ARPES. This results in a rather broad appearance
of the surface state that is responsible for the MIT, as the three domains disperse slightly
different if measured along high symmetry directions.
Based on the spin components directly obtained by SARPES and theoretical calculations

[205], a model of the spin-resolved bandstructure was proposed. Accordingly, the SOC in-
duces a small Rashba- type spin-splitting of the surface state, which is around ∆k ≈ 0.05 Å−1.
Hence, the rectangular SBZ of the (2

√
3×
√

3) spin structure comprises two almost circularly
shaped bands with opposite spin directions, which are located around the Y points. Further-
more, corresponding to the acquired data of the spin orientation, an in-plane spin ordering is
expected for this antiferromagnetic phase. All in all, on account of the analysis presented in
this thesis, the low-temperature phase of α-Sn may rather be termed as a weakly spin-orbit
coupled Mott system.

Formation of Sn-induced nanowires on vicinal silicon surfaces
Regarding the fascinating properties of the 2D α-Sn system caused by the influence of SOC
on the Mott insulating low-temperature phase and the wealth of peculiar effects observed on
nanowires, Sn-induced nanowires on silicon substrates obviously are a promising candidate
for revealing finite-size effects in electronically correlated systems. Therefore, a detailed fea-
sibility study on the growth of such nanowires on Si(557) is presented in chapter 7.
Employing STM and LEED, three distinct phases were identified, which are formed at

different Sn coverages. For θ ≈ 0.6 ML, the surface orientation changes to local (223) facets
separated by wider (111) terraces. Unlike for Pb/Si(557), where the formation of (223) facets
is favored due to nesting conditions, this refacetting is solely induced by the formation of the
two-layered high coverage (2

√
3×2

√
3) reconstruction on the (111) terraces and the resulting

destabilization of the triple steps of the bare Si(557) substrate. On the (223) faceted parts,
only a highly defective atomic chain structure is found instead of a well-defined reconstruction.
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The long-range ordering is neither improved by adding extra amounts of Sn nor by changing
the inclination angle of the substrate in order to decrease the number of (111) terraces.
Further adsorbed Sn atoms tend to accumulate on the (111) terraces, which consequently
increase in width. Eventually, step bunching occurs and the surface is dominated by large
(111) terraces entirely covered by a (2

√
3× 2

√
3) reconstruction.

For the low coverage Sn nanowires, i.e., θ < 0.5 ML, the initial surface structure of Si(557)
is preserved, and a homogeneously stepped array of approximately 3 nm wide α-Sn nanowires
is formed. Since this structure is particularly interesting concerning electronic investigations,
the band structure was probed at low temperatures by ARPES. A metallic surface state in
the direction across the nanowires was clearly revealed, while the system remained insulating
along the wires. Responsible for the quenching of the Mott-gap across the wires might either
be doping of the Mott phase via step edges or the finite width of the nanowires, which is
comparable in size to the coherence length of the Mott state.

Pb nanowires on a vicinal silicon substrate

For the growth of Pb nanowires analyzed in chapter 8, a vicinal Si(557) substrate was used
as well as a template. Upon adsorption of 1.3 ML Pb, the triple-stepped surface of the bare
substrate is destabilized and facets into local (223) oriented parts, which are separated by
wider (111) terraces. On the latter, two distinct phases coexist. The majority of terraces is
covered by a single-domain SIC-(

√
3×
√

3) phase consisting of Pb tetramers adsorbed either on
T4 or H3 lattice sites of the underlying Si substrate. On (111) terraces with a width of about
3 nm, a modulated Pb-

√
3 phase is present. A structural model of it was proposed based

on high-resolution STM images, comprising of Pb tetramers, which are arranged in a more
densely packed fashion than for the SIC phase with a total Pb coverage of 1.44 − 1.46 ML.
Hence, their adsorption sites vary slightly, giving rise to a superstructure with a length
between 2 and 2.4 nm.
On the (223) facets, a similar modulated Pb-

√
3 reconstruction is formed on top of mini-

(111) terraces but having a length of about 4 nm, as revealed by STM measurements. Besides,
the step edges are covered by two rows of Pb atoms with a spacing 0.70 nm, instead of the
formerly assumed dimerized Si bonds. Addition of excess coverage up to δθ = 0.2 ML leads
to two prominent structural changes, namely the filling up of one of the Pb rows on the step
edge, and the formation of an extra Pb row squeezed in between the Pb tetramers on the
mini-(111) terrace. If even more Pb is added to the surface, it tends to accumulate in a
second layer on top of the Pb tetramers. These high coverage nanowires coexist in separated
domains with the single-layered nanowires.

Electronically, the 1.3 ML nanowires are well-known to undergo a MIT below Tc ≈ 78 K
due to the formation of an insulating SODW in the direction across the nanowires [41].
According to STS data, a finite DOS at EF exists above Tc, while it vanishes upon cooling
due to the opening of an insulating gap with the size of 2∆ = (31.8 ± 0.5) meV, which
is in good agreement with previously reported ARPES results [112]. Upon adsorption of
excess Pb, a metallic state located at the step edge remains stable even at low temperatures.
Eventually, this leads to a complete breakdown of the insulating SODW phase for an extra
coverage of δθ = 0.2 ML. Consequently, the double-layered nanowires do not show a phase
transition at 78 K either but rather stay metallic as well.
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Conclusion
This thesis provides a detailed study on the finite-size effects and SOC on low-dimensional
systems. On account of spatial confinement, electron-phonon interaction is reduced. This has
a major influence on Peierls-like phase transitions, leading to a shift of the critical temperature
to lower values. Besides, in case of electronically correlated systems, phase transitions can
even be suppressed, if their coherence length exceeds the finite width of the confined area.
Furthermore, for Pb/Si(557), SOC is strongly enhanced compared to the 2D Pb SIC phase

on Si(111). This is due to the finite size of the nanowires and the resulting Fermi nesting
condition, which give rise to the SODW. It has been shown, that it is not only caused by
the (223) faceted surface, but the well-ordered Pb nanowires are essential as well. Albeit
the 2D α-Sn phase shows a similar Rashba-splitting of the surface state, Sn does not form
any long-range ordered structure on (223) facets as it is merely induced by the formation of
extended (111) terraces.

Outlook
The investigations presented in the scope of this thesis revealed a plethora of possibilities for
tuning metal-insulator transitions of low dimensional metallic films on silicon substrates by
means of finite-size effects and SOC. In this connection, the phase transition can be either
shifted to lower temperatures, e.g. by means of spatial confinement in the case of In/Si(111),
or even suppressed, as seen for excess Pb atoms adsorbed on Pb/Si(557) as well as for the
confined α-Sn phase. So far, all of these approaches have in common, that the system’s
properties are altered without the addition of other materials onto the surface.
Indeed, it is already well-known, that adsorbates, such as hydrogen or oxygen, may deli-

cately influence the electronic structure, and thus change the temperature for the occurrence
of the structural phase transition e.g. of In/Si(111) [37–39]. Besides, the choice of adsorbates
is not merely restricted to single atoms. For example, noninvasive charge transfer doping is
feasible by physisorption of molecular layers, as recently shown for graphene [236]. In partic-
ular, molecule classes such as phthalocyanine (Pc) can be functionalized by variation of both
the size and the charge state of the core atom [237]. Moreover, if the central atom exceeds
the size of the cavity of the Pc molecule, it arranges in a shuttlecock fashion, which can be re-
versely switched from up to down configuration [238]. Therefore, they seem to be a promising
candidate for tailoring the electronic properties of future devices in nanoelectronics.
Concerning this topic, a first feasibility check was already done by evaporation of MnPc

molecules on top of Pb nanowires grown on Si(557) (cf. chapter 8). In fact, the molecules
form well-ordered close-packed layers on top of the Pb/Si(557). As depicted in the STM
images presented in Figs. 9.1 (a)-(c), the surface orientation featuring (223) facets and wider
(111) is maintained, indicating a noninvasive coupling to the surface, which preserves the
underlying Pb reconstruction. On top of the (111) terraces, the MnPc is ordered in a square
arrangement with a width of approximately 1.3 nm, which differs only slightly from the value
reported for the nearly quadratic lattice of MnPc on Pb(111), i.e., 1.4 nm [239]. A similar
spacing between adjacent molecules is observed on to of the (223) oriented parts. Since the
size of the MnPc molecule is comparable to the Pb nanowire width, a single row of molecules
is adsorbed on top of every wire.
Besides, the electronic properties of the system were probed utilizing STS, as seen in Fig.
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Figure 9.1: (a) Overview STM image of MnPc evaporated on Pb/Si(557) (U = 0.2 V, I = 0.1 nA,
T = 6 K). Enlargement of the molecules adsorbed on (b) the wider (111) terraces and
(c) the (223) oriented parts are highlighted with red and blue rectangles, respectively.
(d) Normalized dI/dV spectrum averaged over several curves obtained on the center of
MnPc molecules on the (223) facets. The inset shows the corresponding I(V ) curve.

9.1 (d). At temperatures well below the phase transition temperature of Pb/Si(557), the
system clearly remains metallic. This leads to the conclusion that the adsorption of MnPc on
the Pb nanowires preserves the structural properties while altering the electronic landscape
by either suppression of the insulating low-temperature SODW phase or the addition of
molecule-induced surface states inside the gap.
Apart from the evaporation of entire monolayers of molecules onto quasi-1D systems, a

further approach of tuning the nanowire’s properties is by adsorption of single molecules,
and the subsequent increase of coverage. This certainly would give more insight into the
range of the molecule’s influence, as well as its specific adsorption sites on top of the chains.
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