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Zusammenfassung

Graphen, der wohl bekannteste Vertreter aus der Familie der zwei-dimensionalen
Materialien, revolutionierte seit seiner Entdeckung das gesamte Gebiet der Festkör-
perphysik. Wenngleich es bereits seit den 40er Jahren umfassend theoretisch be-
handelt wurde, so gibt es doch auch heute noch zahlreiche offene Fragen sowohl
im Bereich der Grundlagenforschung als auch im Bezug auf seine technologische
Anwendbarkeit. Um das wissenschaftliche Verständnis über dieses außergwöhnliche
Material zu erweitern, befasst sich diese Dissertation daher mit der Untersuchung
der lokalen strukturellen und elektronischen Eigenschaften von Graphen.
Die elektronische Struktur von Graphen zeichnet sich durch die sechs Dirac-Kegel,
d.h. die Berührungspunkte von Valenz- und Leitungsband, aus, die sich an den
Ecken der Brillouinzone befinden. Sie unterliegt dabei sehr starken Veränderungen
bedingt durch die Beschaffenheit ihrer Umgebung, sowie durch die Wechselwirkun-
gen zwischen Graphen und Substrat. In dieser Dissertation wurde eine Vielzahl an
Modellsystemen untersucht, die die elektronischen Veränderungen von Graphen in
Kontakt mit Metallen und Halbleitern näher beleuchten sollen. Je nach gewähl-
tem Substrat, bedurfte es dabei verschiedener in-situ Präparationsmethoden, deren
Funktionsweise und Parameteroptimierung detailliert beschrieben wurden.
Mithilfe der Rastertunnelmikroskopie und -spektroskopie wurde vergleichend der
Einfluss räumlicher Beschränkung auf das Energiespektrum von ausgedehntem und
eingeschränktem Graphen auf der (111)-Oberfläche der Edelmetalle Au und Ag un-
tersucht. Diese Proben wurden anhand einer Präparationsmethode hergestellt, die
sich die Interkalation der gewünschten Edelmetallschicht zwischen wohldefinierten,
epitaktisch gewachsenen Graphenflocken und Ir(111) als Ausgangssubstrat zunutze
macht. Während bei ausgedehnten Flocken lediglich die erwartete Intervalleystreu-
ung gemessen werden konnte, so zeigten die Quasiteilcheninterferenzstreumuster ein-
geschränkter Flocken zahlreiche weitere Besonderheiten. Deren Form unterlag einer
starken Abhängigkeit von der Flockenrandbeschaffenheit, der Art und Position von
Defekten sowie der Kopplung an das darunterliegende Substrat und konnte aufgrund
zusätzlicher Streukanäle zwischen den transversalen Moden des eingeschränkten Sys-
tems im Vergleich mit Tight-binding Rechnungen erklärt werden.
Desweiteren wurde der Einfluss des stark Rashba-aufgespaltenen Oberflächenzustan-

v



vi Zusammenfassung

des von BiAg2 auf die Bandstruktur von Graphen untersucht, um zu ergründen, ob in
dieser eine ähnlich starke Spin-Bahn-Kopplung durch diese Konfiguration herbeige-
führt werden könne. Obwohl Graphen auch im Beisein stark aufgespaltener Bänder
keinerlei Aufspaltung im Rahmen der Messungenauigkeit erkennen lässt, so wurde
doch eine kuriose Bandverschiebung des BiAg2 Oberflächenzustandes gemessen, die
sich durch die Relaxation der Bi Atome in die darunterliegende Silberschicht erklä-
ren lässt. Die gemessene Bandstruktur von Graphen war wie auf Ag(111) schwach
n-dotiert und ergab eine Fermigeschwindigkeit von etwa 1 · 106 m/s.
Wachstum von Graphenmonolagen auf halbleitendem Ge(110) wurde mithilfe einer
Kohlenstoffsublimationsquelle durchgeführt und anschließend mit zahlreichen Ober-
flächenanalysemethoden untersucht. Abhängig von der Wachstumstemperatur wur-
den verschiedene Rotationsdomänen beobachtet, wobei nahe des Substratschmelz-
punktes lediglich eine verbleibende Rotationsdomäne festgestellt wurde. Die elek-
tronische Struktur von Graphen wurde auf zwei unterschiedlichen Größenskalen er-
fasst: lokal durch Quasiteilcheninterferenz und makroskopisch durch diverse Photo-
elektronenspektroskopiemethoden. Die charakteristische lineare Dispersionsrelation
zeichnete sich auf diesem halbleitenden Substrat insbesondere durch eine Renor-
mierung der Fermigeschwindigkeit aus, welche mit der dielektrischen Konstante des
Substrats zusammenhängt. An der Grenzfläche zwischen Graphen und Germanium
segregierten zudem Sb Dotieratome aus dem Ge Bulk, die damit eine n-Dotierung
der Graphenschicht herbeiführten.



Summary

The two-dimensional material graphene and its relatives have recently revolution-
ized the field of solid state physics. Despite its theoretical assessment as a monolayer
of graphite since the 1940s, this model 2D system still holds a plethora of open ques-
tions with regard to fundamental research as well as technological applications. In
order to further the understanding of this exciting material, this thesis is concerned
with the study of local structural and electronic properties of graphene.
The electronic structure of graphene, marked by the six Dirac cones, i.e. the touch-
ing points of valence and conduction band, at the corners of the Brillouin zone,
is strongly influenced by the nature of and the interaction with its surroundings.
In this thesis, several model systems are chosen, thus enabling the investigation of
graphene/metal as well as graphene/semiconductor interfaces. Depending on the
substrate under consideration, different in-situ preparation techniques had to be
chosen and adjusted for optimal fabrication results.
By means of scanning tunnelling microscopy and spectroscopy, the effect of lateral
confinement on the energy spectrum of graphene was comparatively studied for ex-
tended and constricted graphene nanostructures on the noble metal (111) surfaces of
Au and Ag, which were prepared by the intercalation technique on epitaxially grown,
well-defined graphene/Ir(111) patches. While extended graphene sheets solely exhib-
ited conventional intervalley scattering, additional features were observed in quasi-
particle interference of confined structures. The shape of these features confirmed
the strong influence of the flake edge configuration, the presence of defects as well
as the coupling to the underlying substrate and was attributed to the inclusion of
additional scattering channels between the transverse modes of the confined systems
by comparison with tight-binding calculations.
Furthermore, the influence of the strongly Rashba-split surface state of BiAg2 on
the electronic structure of graphene was investigated, thereby testing whether the
proximity to the spin-split BiAg2 might enhance the spin-orbit coupling strength
of graphene itself. While no significant splitting larger than the measurement un-
certainty could be observed in graphene, an unexpected shift of the BiAg2 surface
state was determined and explained by an inward relaxation of the Bi atoms into the
thick Ag intercalation layer at the interface triggered by the presence of graphene.
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viii Summary

Bandstructure investigations of graphene yielded an n-doping similar to the case of
graphene/Ag(111) and a Fermi velocity of approxminately 1 · 106 m/s.
Graphene monolayer growth on semiconducting Ge(110) from an atomic carbon
source was established due to the limited catalytic activity and subsequently inves-
tigated with the help of several surface sensitive techniques. Depending on the growth
temperature, different rotational domains were observed. Only one domain orienta-
tion was preserved for annealing temperatures near the substrate boiling point. The
associated electronic structure was mapped out with the help of quasiparticle inter-
ference on the local scale and by different varieties of photoelectron spectroscopy
at the macroscopic scale. Graphene preserved its linear dispersion relation, with a
renormalized Fermi velocity at low temperatures attributable to the dielectric con-
stant of Ge. Signatures of a segregation of Sb dopant atoms from the Ge bulk were
observed at the interface in both photoelectron and local tunnelling measurements
resulting in an n-doping of the flat graphene layer.
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Introduction

Graphene, the two-dimensional carbon allotrope arranged in a honeycomb lat-
tice, serves as a universal building block of organic structures in various dimensions
ranging from 0D (fullerenes), 1D (carbon nanotubes), 2D (graphene itself) to 3D
(graphite) [1, 2]. Albeit theoretically predicted and described with respect to its
electronic properties as early as 1947 by Wallace [3], its actual physical existence
was contested due to the widely accepted thermodynamic instability of 2D cystals,
which would impede any long range order in 2D crystals at finite temperatures, thus
leading to a segregation into islands or even a complete decomposition as proposed
by Landau and Peierls [4, 5]. These notions were further propagated following the
Mermin-Wagner-Hohenberg theorem in 1966 [6, 7], therefore sidelining graphene as
a mere theoretical model system.
The perspective on the matter only changed, when graphene was first experimentally
isolated by A. Geim and K. Novoselov [1,8] in 2004 using micromechanical exfoliation
from a highly oriented graphite crystal, denoted “Scotch tape method” as graphene
layers were consecutively lifted off graphite by repeated cycles of adhesive tape peel-
ing [9]. After sonication, few layer graphite or graphene was transferred onto an
insulating support, e.g. SiO2/Si, ready for inspection under an optical microscope,
due to a favourable contrast arising from interference on the SiO2 substrate [10].
Graphene - and alongside it other 2D materials such as hexagonal BN and transi-
tion metal dichalcogenides - has since opened up an entirely new field of solid state
physics regarding fundamental research as well as device fabrication as a result of
its astounding structural and electronic properties.
The bandstructure of graphene is foremost characterized by the shape of the π and
π∗ bands that touch at the K and K ′ points located at the corners of the Brillouin
zone (BZ), thus representing a zero-gap semiconductor. The energy spectrum ex-
hibits a linear dispersion close to these points, the so-called Dirac points, such that
the charge carriers in the vicinity can be interpreted as massless Dirac fermions [2].
This peculiar behaviour lies at the heart of graphene’s unique standing in the field
of solid state physics and provides the basis for several exciting graphene-based de-
vices.
One asset of graphene charge carriers is their tremendously high mobility of up to
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2 Introduction

105 cm2 V−1s−1 almost independent of the charge carrier density n, which clearly
exceeds the mobility of known semiconductor 2D electron gas systems making gra-
phene beneficial for high frequency transistor applications [11]. A downside of recent
graphene-based device concepts is, however, the lack of a conventional switching
mechanism, due to the gapless, semiconducting bandstructure. One approach to
remedy the absence of a band gap in prospective electronic devices is a confinement
of graphene charge carriers in ribbon-like structures, thereby introducing a gap de-
pending on the constriction width [12,13].
The in-plane C-C bonds make graphene a mechanically strong, viable option for
transparent, bendable electronics such as sensors and touch screens, while exploit-
ing graphene’s electronic features [14,15].
These exciting structural, electronic and magnetic properties have sparked the strive
for novel growth and preparation techniques allowing to investigate and later tune
graphene’s fascinating features [16]. Following several growth studies on partial ther-
mal evaporation of carbonic crystals such as SiC, in which Si was depleted in order
to produce excess carbon at the surface (graphitization) that in turn forms bound or
buffer-layer decoupled graphene sheets [17–23], chemical vapour deposition and car-
bon segregation techniques were widely applied on catalytic metallic surfaces [24–31],
resulting in epitaxial growth of full graphene monolayers with large domain sizes up
to several inches on the desired metallic support [15,32,33]. Depending on the wave-
function overlap of graphene and underlying metal substrate, the bandstructure of
graphene as well as the composite system may be altered. While weakly interact-
ing systems merely lead to a doping and thus an energy shift of graphene bands,
strong interaction may lead to drastic restructuring of the energy spectrum of gra-
phene [28, 34, 35], potentially even opening a gap in the characteristically gapless
semiconducting electronic bandstructure.
As previously mentioned, similar effects are observed upon lateral constriction of
graphene. Such nanostructures can be viewed as the building blocks of graphene
nanoelectronic devices, therefore requiring a thorough understanding of the mecha-
nisms at play regarding spatial and electronic confinement. Graphene nanopatches
are fabricated by a plethora of methods, most of which can be categorized into three
main groups. Bottom-up approaches use designed carbonic precursors, which assem-
ble and react with each other at the surface to form well defined nanoribbons, dots or
patches [12,36]. Top down approaches, on the other hand, include lithography from
large-scale graphene layers [37, 38], graphitization at SiC mesa structures [39–41]
as well as unzipping of carbon nanotubes [42]. An alternative method are CVD
processes resulting in the growth of less well-defined, but significantly more varied
graphene flake geometries and sizes [43–47].

In order to provide a deeper understanding of the electronic properties of gra-
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phene, this thesis is concerned with both the effects of electronic confinement and
graphene-substrate interaction. It is organized as follows, after an introduction to
the fundamental properties of graphene, a brief overview is given about the interac-
tions between graphene and common metallic or semiconducting supports in Chap-
ter 1. Subsequently, the theory of electron tunnelling and associated phenomena
are discussed in order to properly introduce the main investigation method, namely
scanning tunnelling microscopy and spectroscopy in Chapter 2. This includes an
interpretation of the construction of power spectra obtained from quasiparticle in-
terference, which are linked to the Fourier transform local density of states of the
systems under investigation. In Chapter 3, additional measurement methods as well
as sample preparation techniques and the entire UHV setup are presented.
Chapter 4 focuses on the effects of lateral confinement on the electronic structure of
realistic, constricted graphene nanoribbons and -flakes with rough edges. This data
is comprehensively compared to results for extended graphene sheets on Au(111)
and Ag(111) in order to highlight the different respective scattering processes. Fur-
thermore, the influence of graphene-substrate coupling and the presence of sharp
impurities is discussed with respect to quasiparticle lifetime and relaxed scattering
selection rules. The following chapter is concerned with the implications of spin-orbit
coupling and the effect of a strongly Rashba-split surface, namely BiAg2, on the elec-
tronic bandstructure of graphene. However, the interaction between graphene and
substrate not only influences the properties of the topmost layer, i.e. graphene, but
yields a more complicated compound system with a much more intricate electronic
structure. Leaving graphene/metal systems, Chapter 6 is concerned with the growth
and electronic properties of graphene on the (110) surface of n-doped semiconduct-
ing Ge. This serves as a valuable contrast to the previously studied metal substrates
and provides a significant progress for the utilization of graphene in nanoelectronic
devices beyond silicon. While thorough STM and STS studies are at the core of
all previous chapters, the investigation of graphene/Ge(110) comprises a broader
arsenal of surface analysis techniques, including different varieties of photoelectron
spectroscopy. In the final chapter, all results are summarized and put into perspec-
tive, discussing open questions for further experimental and theoretical study as well
as an outlook with respect to prospective nanoelectronic applications.
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1 | Graphene Basics: From the
honeycomb lattice to massless Dirac
fermions

1.1 Structural and electronic properties

Graphene denotes a two-dimensional monolayer of carbon atoms arranged in a
honeycomb lattice. With a number of four valence electrons available for the forma-
tion of bonds, three of them, namely 2s, 2px and 2py, are sp2 hybridized to create the
in-plane σ bonds with the three nearest neighbour atoms at a bond angle of 120◦.
The remaining 2pz orbitals are left to form the characteristic π bonds, indicative of
all graphitic compounds.
The resulting zero-gap bandstructure of graphene is particularly marked by the curve
shape in the vicinity of the points of contact of the π and π∗ bands. They exhibit a
linear dispersion relation in the low-energy regime close to the Dirac points, hence
forming the characteristic Dirac cones at the corners of the Brillouin zone. This
shape is representative of massless charge carrier behaviour best described by the
Dirac equation, which lies at the heart of several of graphene’s astounding structural
and electronic properties.
This peculiar feature that has triggered the overwhelming interest of the scien-
tific community in this two-dimensional material as well as fundamental structural
properties of graphene and its interaction with common substrates will therefore
be discussed in this section in order to provide a basic understanding of graphene
and its unique properties. A more comprehensive derivation of the bandstructure of
graphene and its implications with respect to technologically relevant applications
is given by Refs. [1–3,48,49].

1.1.1 Graphene crystal structure and structural properties

Due to its bipartite nature, the honeycomb crystal lattice of graphene depicted
in Fig. (1.1)(a) is not a Bravais lattice, but rather a triangular lattice with a ba-
sis containing two equivalent C atoms from the A and B sublattice. The unit cell
highlighted in Fig. (1.1) is spanned by the lattice vectors ~a1 and ~a2, which are given

7



8 Chapter 1 Graphene Basics

(a)

a1

a2

aG

a

Sublattice A Sublattice B (b)

kx

b2

b1

ky

K

K

K

K‘

K‘K‘

MΓ

Figure 1.1 | Crystal structure of graphene in direct and reciprocal
space. (a) The graphene honeycomb lattice, constructed from A and B sublat-
tice, is spanned by the two basis vectors ~a1 and ~a2. The length of a basis vector is
a = 0.246 nm and the C-C bond distance is aG = a/

√
3 = 0.142 nm. (b) The result-

ing reciprocal lattice with reciprocal lattice vectors ~b1 and ~b2. High symmetry points
are the inequivalent K and K ′ points which mark the corners of the hexagonal first
Brillouin zone (BZ).

by

~a1 = aG
2

(
3
√

3

)
(1.1)

~a2 = aG
2

(
3
−
√

3

)
. (1.2)

Here aG is the C-C separation given in Fig. (1.1). The corresponding reciprocal
lattice vectors obtained under the condition that ~ai ·~bj = 2πδij are thus

~b1 = 2π
3aG

(
1
√

3

)
(1.3)

~b2 = 2π
3aG

(
1
−
√

3

)
. (1.4)

with the high symmetry points Γ, K, K ′ and M at

Γ =
(

0
0

)
,
−→ΓK = 2π

3
√

3aG

(√
3

1

)
,
−→ΓK ′ = 2π

3
√

3aG

(√
3
−1

)
,
−−→ΓM = 2π

3aG

(
1
0

)
.(1.5)

The K and K ′ points located at the corners of the first BZ in reciprocal space, hold
special importance with respect to the electronic structure of graphene. They are
hence denoted as Dirac points. Their unique significance and inequivalent nature
arising from the bipartite lattice generates several far-reaching implications for the
bandstructure of graphene, which will be the subject of the following chapters.
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1.1.2 Tight-binding approach to the graphene bandstructure

The electronic structure of graphene can be calculated within a tight-binding
approach as first suggested by P.R. Wallace [3], considering the hopping of electrons
from one atomic site to the neighbouring atoms. The nearest neighbours of one C
atom are positioned at

~τ1 = aG
2

(
1
√

3

)
, ~τ2 = aG

2

(
1
−
√

3

)
, ~τ3 = −aG

(
1
0

)
, (1.6)

while the next nearest neighbours are located at

~τ ′1,2 = ±~a1, ~τ
′
3,4 = ±~a2, ~τ

′
5,6 = ±(~a2 − ~a1). (1.7)

The tight-binding Hamiltonian for electrons hopping to nearest and next-nearest
neighbours is therefore

Ĥ = −t
∑
i,j

(
a†ibj + h.c.

)
− t′

∑
i,j

(
a†iaj + b†ibj + h.c.

)
. (1.8)

Here t denotes the nearest neighbour hopping energy and t′ the hopping energy
for electrons hopping to the next-nearest neighbours, i.e. remaining in the same
sublattice. a(†)

i and b(†)i are the annihilation (creation) operators for electrons in the
respective sublattice, A or B.

The resulting energy dispersion including hopping up to next-nearest neighbour sites
is then given by

E(~k) = ±t
√

3 + f(~k)− t′f(~k), (1.9)

with

f(~k) = 2 cos (
√

3kyaG) + 4 cos
(√

3
2 kyaG

)
cos

(3
2kxaG

)
, (1.10)

which is depicted in Fig. (1.2)(a). Further neighbours, compared to the presented
derivation [2], have been included in the calculations of Reich et al. [50], yielding a
slightly altered bandstructure.
Considering only the first term of Eq. (1.9) associated with hopping solely within the
nearest neighbour separation, one can clearly distinguish the two fully symmetric
bands π and π∗ corresponding to the plus and minus sign, which touch at zero energy.
The osculation points lie at the previously introduced Dirac points, i.e. typically the
K and K ′ points at the corners of the first BZ. While Dirac points and K/K ′ points
usually coincide, there are cases in which the touching point of π and π∗ band
(the Dirac point) is shifted from its position in reciprocal space, due to anisotropic
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Figure 1.2 | Electronic energy dispersion of freestanding graphene ac-
cording to the tight-binding approximation. (a) The electronic bandstructure
of graphene is marked by the two bands π and π∗ touching at the six Dirac points
located at the corners of the first BZ. For t′ 6= 0, electron-hole symmetry is broken,
as given by Eq. (1.9). (b) Contour plot of the electronic bandstructure, exhibiting
circular CECs close to the Dirac points that become increasingly trigonally warped
for energies further away from ED. (c) Dispersion of the π and π∗ bands along dif-
ferent high symmetry directions of the first BZ. The conduction and valence band
touch at K and differ in separation at the Γ and the M point.

nearest neighbour hopping amplitudes along ~τ1, ~τ2 and ~τ3. The completely filled π
band corresponds to the valence band and the completely empty π∗ band represents
the conduction band. For isotropic t and t′ = 0, the charge neutrality point is thus
positioned exactly at the Dirac point energy ED. Another characteristic reciprocal
lattice site is the M point, as it marks the position of a van Hove singularity in the
electron density of states.
The DOS is then calculated by an integration over the BZ of the 2D honeycomb
lattice

ρ(E) = 2 ·
∫ d2k

(2π)2 δ(E − E(~k)). (1.11)

The spin degeneracy is already taken into account by the factor 2. Close to the BZ
corners, i.e. for low energies close to EF, the resulting DOS is linear in energy

ρ(E) = 2
π

|E|
~2v2

F
(1.12)
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and vanishes at the charge neutrality point. [51]
The inclusion of next-nearest neighbour hopping term leads to an asymmetry in the
dispersion of the π and the π∗ bands. This is introduced via the second term of
Eq. (1.9) containing the next-nearest neighbour hopping energy t′. Furthermore this
leads to a shift of the zero energy, thus resulting in a doping of graphene seen in
Fig. (1.2)(a).
The peculiar nature of graphene charge carriers becomes most apparent for energies
close to the Dirac point, in the vicinity of which the constant energy contour (CEC) is
approximately circular and exhibits an approximately linear dispersion. This region
of the graphene bandstructure is discussed in detail in the next section. Further
away from ED, the CECs deviate from the circular shape towards a trigonal warping
depicted in the CEC contour plot in Fig. (1.2)(b). This is the result of an anisotropic
change in the the band structure gradient ∇~kE(~k) when passing from the Dirac
points towards different points in reciprocal space, e.g. −→KΓ and −−→KM as can be seen
in Fig. (1.2)(c).

1.1.3 The graphene Dirac cone: a low-energy approximation

For the consideration of a low-energy expansion of the electronic dispersion re-
lation in the vicinity of the K and K ′ points under the assumption that t′ = 0,
i.e. only taking into account nearest neighbour hopping, the wave vector ~k can be
decomposed in order to yield a stronger reference to the position of the K or K ′

point, respectively. The wave vectors for the new reference frame centered at the
Dirac points are thus defined by

~k = ~K + ~kG (1.13)
~k′ = ~K ′ + ~k′G (1.14)

for values of |~kG| <<| ~K|1. The same also holds for ~k′G in the vicinity of the K ′

point. The effective low-energy Hamiltonian near the K and K ′ points, i.e. ν = ±1
respectively, is then given by [51–53]

Ĥν
kG = ~vF

(
0 kG,x − iνkG,y

kG,x + iνkG,y 0

)
, (1.15)

with

vF = 3|t|a
2~ (1.16)

1 Due to the conventional denotation of the quasiparticle scattering vector ~q used throughout this
thesis, ~kG is chosen for the low-energy dispersion derivation presented in this section instead of
the commonly defined vector ~q [2, 51,52] in order to avoid unnecessary confusion.
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yielding the twofold “valley degenerate” energy eigenvalues

EskG = s~vF|~q| (1.17)

independent of ν. Here s = ± denotes the conduction and valence band, respectively.
This dispersion is clearly linear in ~kG forming the previously introduced Dirac cone
centered at the K and K ′ points. This cone-like shape resembling massless charge
carriers is the most characteristic feature of the graphene bandstructure, setting
it apart from conventional (zero-gap) semiconductors, as these commonly exhibit
a parabolic dispersion relation, thus providing very different electronic properties.
Furthermore, this material demonstrates a notable electron-hole symmetry with re-
spect to the Dirac point energy, i.e. the point of contact of π and π∗ band.
Within the effective mass approximation

kG,x → −i
∂

∂x
, kG,y → −i

∂

∂y
(1.18)

The effective Hamiltonian then becomes

ĤK = −i~vF~σ∇, and Ĥ ′K = ĤT
K . (1.19)

Here ~σ denotes the Pauli matrix composed from

σx =
(

0 1
1 0

)
, σy =

(
0 −i
i 0

)
, as ~σ = (σx, σy). (1.20)

In this form, it is analogous to the Dirac Hamiltonian for massless spin 1/2 particles,
only with a reduced velocity vF ≈ c/300, which is of the order of 106 m/s. The
corresponding four-component total wavefunction is given by [51,52]

ψ~kG
=


ψA
~kG,+
ψB
~kG,+
ψB
~kG,−
ψA
~kG,−

 . (1.21)

Assuming θ~kG
= arctan (kG,y/kG,x), the eigenstates for the Hamiltonian at the K

and K ′ points are

ψν=+1
~kG,s

=


e−

iθ~kG
2

se
iθ~kG

2

0
0

 and ψν=−1
~kG,s

=


0
0

e
iθ~kG

2

se−
iθ~kG

2

 . (1.22)
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Figure 1.3 | Definition of chirality and band index of Dirac cones. The band
and valley index completely determine the direction of the pseudospin for electrons
and holes in the vicinity of the K and K ′ points.

Here the peculiar structure of graphene gives rise to two types of pseudospin, result-
ing in a fourfold degeneracy of the Dirac-Hamiltonian. The first type is generated
by the sublattices A and B, thus denoted (sublattice) pseudospin, while the second
represents the K and K ′ valleys, therefore denoted valley pseudospin or isospin.

Charge particle chirality can then be defined by projecting the pseudospin onto the
momentum vector [52], i.e.

η =
~kG · ~σ
|~kG|

. (1.23)

The eigenvalues of the chirality operator are η = ±1, which implies that the pseu-
dospin is always aligned parallel or antiparallel with the momentum direction. As the
chirality operator further commutes with the Dirac Hamiltonian, it can be written
in the form

Ĥν
~kG

= ν~vF|~kG|η, (1.24)

which defines a discrete expression for s = νη. In the vicinity of the K point, the
pseudospin of electrons will be aligned in parallel with the momentum direction,
while the hole pseudospin is antiparallel to the momentum vector ~kG. This remains
valid within the conical region of the bandstructure located at the BZ corners and
is depicted for the sake of clarity in Fig. (1.3). As the chiral nature of graphene’s
bandstructure leads to additional constraints of quasiparticle scattering processes at
defect sites, this topic is further discussed in Chapter 4, which focuses in detail on
the effects of confinement and impurity scattering in graphene nanoflakes.
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The two equivalent sublattices have severe implications for the shape of the band-
structure, as the gapless state at the conical points K and K ′ is protected by time-
reversal and inversion symmetry, preventing the opening of a gap. If this equivalence
is revoked, however, e.g. due to the presence of a substrate, inversion symmetry may
be broken, thus introducing an additional mass term accompanied by the opening
of a band gap [44, 51]. The effect of different substrates on the bandstructure of
graphene is therefore discussed in the following section.
In the presence of magnetic fields, graphene charge carriers are forced into circular
orbits with an energy spectrum of discrete Landau levels (LLs). Due to the linear
dispersion relation of graphene in the vicinity of the Dirac point, the LL sequence
is given by [1, 9, 54]

En = ~vFkF = ±
√

2e~v2
FB|n|, n ∈ Z. (1.25)

The Dirac point marks the position of zero energy, with a symmetric behaviour for
electrons and holes represented by ±. This differs strongly from the LL sequence
of other 2D electron gases and may therefore serve to identify monolayer graphene
with the help of LL spectroscopy. The energy levels are multiply degenerate, i.e. four
times the orbital degeneracy due to their valley and spin.

1.2 Supported graphene systems

As the electronic properties of graphene strongly depend on the interaction with
the underlying support and may vary drastically with respect to its characteristics
compared to freestanding graphene, an overview of the most common substrates is
given in the following. Interaction strength between graphene and substrate as well
as resulting structural properties are discussed.

1.2.1 Graphene on semiconductor and insulator surfaces

Graphene on SiC

Besides graphene exfoliation from HOPG, vacuum graphitization of SiC is among
the earliest developed methods of graphene fabrication [55]. While this substrate cer-
tainly presents a suitable substrate candidate for graphene-based electronic devices,
the obtained grain size of graphene strongly depends on the chosen growth method.
The basic fabrication principle comprises an annealing of the SiC bulk crystal to
high temperatures, which induces silicon sublimation from the crystal, thus leav-
ing the excess C atoms free to form single or multilayers of graphene. However, at
temperatures of 1280◦C, high sublimation rates of Si result in a non-equilibrium
process, yielding rather small graphene grains on a very rough surface morphol-
ogy. This situation can be improved by several different techniques that hamper the
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rapid sublimation of Si, thus maintaining a better control of the Si vapor density
and shifting the process closer towards equilibrium. Furthermore, this allows for a
growth process at higher temperatures, at which vacant Si sites and grain bound-
aries of the SiC crystal can be annealed, thereby reducing the number of defect sites.
These approaches include growth in an inert atmosphere above the hot SiC crys-
tal [19], additional supply of silicon-containing gases [56] or confinement controlled
sublimation [22]. The difference in resulting surface structure of mere UHV growth
and confinement controlled sublimation is presented in Fig. (1.4)A and B.
Graphene is most commonly grown on hexagonal SiC as presented, which due to its
polar nature exhibits two different faces: the Si-terminated (0 0 0 1) face or Si face
and the C-terminated (0 0 0 1) or the C face. As a result of this structural config-
uration, graphene grown on both sides varies strongly with respect to its growth
mode, structure and electronic properties as observed in the pioneering study by
van Bommel et al. [57] as early as 1975. On the Si face, graphene growth takes place
much more slowly than compared to the C face, which is speculated to be due to
the nature of the interface structure at the Si and the C face [58].

The first graphene layer grown on the Si face of SiC already exhibits the charac-
teristic σ bands in ARPES measurements, which can clearly be assigned to the
presence of the graphene honeycomb structure. It grows rotated by 30◦ with respect
to the SiC crystal and displays a typical 6

√
3 × 6

√
3 superstructure. Electronically

speaking, however, every third atom is still bound to the underlying SiC substrate,
therefore lacking the characteristic linear dispersion of freestanding graphene. This
implies that instead of forming the π and π∗ bands, which enable conduction within
the graphene layer, the pz orbitals are already invested in strong graphene-substrate
bonds. This highlights the curious feature that while exhibiting all topographic fea-
tures of the graphene honeycomb lattice and being virtually indistinguishable by
means of LEED investigations, this layer does not resemble the electronic nature of
freestanding graphene in any way. The growth of a second layer of graphene at the in-
terface between this first nonconducting layer and the SiC crystal, however, restores
the characteristic linear graphene-related π band as can be observed in the ARPES
experiments of Emstev et al. [59] presented in Fig. (1.5). As the underlying layer
is not electronically active, it is denoted as zerolayer or buffer layer (ZLG), while
the toplayer bears the name graphene monolayer. Further layers may be grown with
an increase in growth time and temperature [22], which grow in a Bernal stacking
due to the interaction with the substrate. Resulting multilayer structures are thus
the basis of graphite thin films or few layer graphene. Due to this stacking order,
a small energy gap of 0.26 eV opens at the K point for a monolayer of graphene,
which exhibits a doping of −400meV [22,60].
Graphene grown on the C face, on the other hand, shows a clearly linear dispersion
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Figure 1.4 | Comparison of graphene growth on hexagonal SiC. A Gra-
phene monolayer grown on the Si face of SiC in UHV. B Graphene monolayer growth
by confinement controlled sublimation on the Si face. C Multilayer graphene grown
on the C face of SiC. D LEED pattern of a graphene monolayer on the Si face grown
by confinement controlled sublimation. E LEED pattern of a C face graphene mono-
layer prepared by confinement controlled sublimation. F Multilayer graphene LEED
pattern on the C face of SiC. Rotational stacking produces arc-like shapes instead
of sharp spots. Figure taken from de Heer et al. [22].

from the first layer due to a very good decoupling from the substrate. No bonds are
formed towards the SiC crystal and during the growth of multiple layers of graphene,
no rotational alignment is observed. Therefore, instead of few-layer graphite, stacks
of graphene on the C face of SiC are indeed multilayer epitaxial graphene. Multi-
layer graphene on the SiC C face is shown in Fig. (1.4)C along with LEED images
of mono- and multilayer graphene. Due to the weak coupling between the layers, the
rotational orientation of several sheets produces arcs instead of clear spots in LEED.
The resulting doping of C face graphene is very small compared to Si face graphene
and the characteristic LL spectrum of freestanding graphene can be observed due
to the reduced coupling [54].
In order to adapt graphene growth for technical applications, mesas facilitating the
structured growth of graphene nanopatches have been developed. This allows for the
preparation of graphene nanoribbons and other constricted systems on the sidewalls
of SiC, which might be feasible as components for nanoelectronic devices [22,39,41].
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Figure 1.5 | Comparison of the electronic structure of zerolayer and
monolayer graphene on the Si face of SiC. (a) ZLG graphene exhibits gra-
phene σ bands related to the formation of the in-plane C bonds resulting in the
honeycomb lattice. However, it completely lacks the characteristic π band due to
binding to the underlying substrate. (b) In the case of monolayer graphene growth
on top of the buffer layer, the π bands of graphene are restored as indicated by the
linear dispersion in the vicinity of the K point, while the σ bands remain at ap-
proximately the same position indicating a comparable structural assembly of both
layers. Image taken from Emtsev et al. [59].

Graphene on SiO2

Graphene on SiO2 is commonly fabricated by transfer of a graphene layer onto
the desired insulating support. The graphene sheet is usually obtained by microme-
chanical exfoliation from highly oriented pyrolytic graphite (HOPG) or commercial
graphene grown on a Cu foil, from which it is later isolated. On an insulating sup-
port such as SiO2, graphene can be back-gated and its electronic properties can be
studied. A drawback of the SiO2 substrate, however, is the formation of electron-
hole-puddles due to trapped charges in the insulating layer underneath the graphene
sheet spatially varied by fluctuations in the disorder potential, which locally shift
the doping level of graphene [9, 61]. This complicates the exploitation of its high
mobility and charge carrier dynamics.
While atomic resolution of the graphene honeycomb lattice is easily achievable in
scanning tunnelling microscopy, the graphene layer exhibits a rather large corruga-
tion of 1 − 32 nm [62] as well as wrinkles introduced during transfer on the larger
scale. The electronic properties may further be altered by a breaking of sublattice
symmetry introduced due to sizeable corrugation [9]. For high-quality samples of
graphene/SiO2, the characteristic LL sequence can be observed in scanning tun-
nelling spectroscopy at high magnetic fields, which demonstrates the decoupling
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from the underlying substrate [61]. LL peaks are broadened for extreme variations
in doping, thus potentially making it impossible to detect their signatures.

Graphene on Ge

With the perspective of graphene-based nanoelectronic devices, growth of gra-
phene directly on a semiconducting support presents a favourable alternative to the
transfer of graphene onto insulating substrates. Firstly, metallic and organic residue
contaminations are reduced or completely eliminated and extreme corrugation due
to the transfer process can be avoided, such that the graphene layer resides compa-
rably flat on a much smoother potential landscape.
Recent developments in graphene growth, including molecular beam epitaxy (MBE),
deposition from an atomic carbon source as well as chemical vapour deposition
(CVD) approaches, and the investigation of the corresponding structural and elec-
tronic properties are presented in much more detail in Chapter 6. These studies lay
the foundations for further graphene/Ge research, which is one of the key aspects
of this thesis. The surface structure as well as implications for the electronic config-
uration are discussed, giving insights with respect to the energy dispersion, doping
level and Fermi velocity.

1.2.2 Graphene on metal surfaces

As for graphene/SiC, graphitic overlayers have been observed on metal sub-
strates, such as Pt, Ni, Ru, Rh, [63, 64] long before the discovery of graphene by
Geim and Novoselov [10], but until then their full potential had been overlooked.
Nowadays, metal substrates are viable candidates for large scale graphene growth,
especially via CVD growth on Cu or Ni films [15]. Suitable choices for the growth
of graphene in the field of fundamental research are, on the other hand, well-defined
single crystals such as Ir, Ni, Pt and Cu in ultra-high vacuum [24,65,66]. Depending
on the interaction of graphene with the underlying metal substrate, the electronic
structure of graphene can be strongly influenced, which will be the main topic of
this section. More detailed information can be acquired from the numerous review
articles on graphene/metal systems [25,26,28].

Graphene growth

Four very different methods can be employed to facilitate graphene growth on
metal substrates. Depending on the C solubility of the respective substrate, gra-
phene growth can be performed by effective C segregation from the crystal bulk at
temperatures of approximately 1100◦C, which forms several layers of graphene upon
cooling. The number of layers strongly depends on the amount of C present within
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the crystal and may be difficult to control. Segregation works well on the crystal
surfaces of Pt(111), Ru(0001) and Ni(111).
In order to improve the control over the number of prepared graphene layers, gra-
phene can also be grown by means of chemical vapour deposition. CVD requires a
carbidic precursor, which is adsorbed on the desired metal substrate and decomposes
on the hot surface to provide a sufficient amount of carbon for graphene growth. As
the decomposition of the precursor molecules is limited by the catalytic activity of
the metal substrate, graphene growth will terminate once a full monolayer coverage
is reached. This makes the process self-limiting and very well controllable. Said cat-
alytic activity is very high for single crystals such as Ir, Ni, Pt and Rh, however,
CVD is not applicable for surfaces with low catalytic activity such as noble metals.
If smaller graphene islands or graphene nanoflakes (GNFs) are desired instead of
extended layers, a suitable modification of the CVD process is presented by temper-
ature programmed growth (TPG). Here, the hot surface is not continuously exposed
to an atmosphere of carbonic precursors, but precursor molecules are pre-adsorbed
on the surface, before decomposition and eventual graphene island growth upon an-
nealing. This is the method of choice for the growth of confined graphene structures
presented in this thesis.
In order to facilitate growth on non-catalytic surfaces such as noble metals, atomic
carbon deposition can provide a feasible solution. C atoms are evaporated from a
highly pure graphene rod and deposited directly on the desired surface, eliminating
the need for precursor decomposition [28].
In general, graphene growth commences at nucleation sites and atoms diffusing on
the surface attach themselves to form larger patches of graphene. Two islands can
also coalesce to form a much larger graphene layer, thereby effectively reducing the
island density, which is commonly denoted as Smoluchowski ripening [24].

The moiré structure

Due to the close proximity of the graphene layer to the substrate surface, the
adsorption geometry plays an important role for the structural and electronic prop-
erties of the adsorbed graphene layer. Several high-symmetry adsorption sites can
therefore be identified within the moiré unit cell, introduced in the next paragraph.
Depending on the nomenclature, ring-atop sites denote the position at which the
centre of a carbon ring is placed directly above a metal atom of the underlying sub-
strate layer. The ring-hcp and ring-fcc sites indicate the positioning of the centre of
a carbon ring directly above an hcp (on top of a metal atom in the second layer)
or fcc (on top of a metal atom in the third metal layer) hollow site. The position
exactly between two metal atoms of the top substrate layer centred underneath a
graphene ring is denoted as ring-bridge configuration. All high-symmetry sites are
depicted schematically for a (10 × 10)/(9 × 9) graphene/metal moiré unit cell in
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(c) (1x1) structures

Figure 1.6 | Graphene/metal moiré structure. (a) Top view of a gra-
phene/metal moiré unit cell with a (10× 10)/(9× 9) superstructure. (b) Side view
of the graphene layer and the position of the underlying first three metal layers. (c)
Zoom onto the high-symmetry adsorption sites marked in (a). Figure taken from
Dedkov et al. [28].

Fig. (1.6).
The previously mentioned moiré unit cell is the result of a lattice mismatch or a
rotational misalignment of two lattices and describes the fact that the atomic po-
sitions of graphene are displaced with respect to the underlying metal layer. If the
lattices are commensurate, the moiré exhibits translational symmetry with respect
to a moiré lattice vector ~amoiré. The lattice mismatch can be quantified by p = ~agr/~as.
Assuming an angle α between graphene lattice and substrate lattice as well as an
angle γ between moiré and substrate, the following relations can be established [67]

γ = arctan
( sinα

cosα− p

)
, (1.26)

amoiré = p√
1 + p2 − 2p cosα

as. (1.27)

Due to the variation in graphene-substrate separation at the different moiré ad-
sorption sites, a similar variation is also observed in the binding energies over the
whole moiré unit cell as observed for graphene/Re(0001) [68]. This results in an
even shorter graphene-metal distance between strongly bound sites due to the lo-
cally increased graphene and substrate interaction. As a result, the topographic and
electronic corrugation do not necessarily coincide in scanning tunnelling microscopy
measurements. In some cases, the imaging contrast is actually inverted with respect
to the topographic corrugation, due to a comparatively strong electronic moiré con-
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Figure 1.7 | Comparison of weak and strong interaction in gra-
phene/metal systems. (a) A complete destruction of the grapheneπ band is ob-
served for graphene/Ni(111), due to strong hybridization of the π band with the
3d band of Ni. (b) The linear dispersion relation is preserved in the case of gra-
phene/Ir(111), merely the opening of minigaps is observed due to the intersections
with band replica due to the moiré structure. Image taken from Dedkov et al. [28].

trast [69].

Weakly vs. strongly interacting metal substrates

Depending on the choice of the metal substrate, the electronic properties of
graphene may vary drastically in comparison to the energy spectrum of freestanding
graphene. While for some graphene/metal systems the interaction merely results in
a shift of the graphene π bands potentially associated with the opening of minigaps
[45,46,70], hence denoted as weak interaction, the entire Dirac cone may be destroyed
for strongly interacting graphe/metal systems [28]. This is depicted as a comparison
in Fig. (1.7).
The group of strongly interacting metals comprises Ni(111), Ru(0001), Re(0001) as
well as Rh(111). In the case of graphene/Ni(111), displayed in Fig. (1.7)(a), the
3d band of Ni hybridizes with the π band of graphene in the proximity of the K
point, thereby completely eliminating the linearly dispersing band that makes up
the graphene Dirac cone. Furthermore, the band is shifted towards larger binding
energies by 2.4 eV compared to graphite, as can be deduced from the position of the
remaining portions of the π band and the σ band [28,71].
The noble metal (111) surfaces of Ag and Au as well as Pt(111) and Ir(111) belong to
the class of weakly interacting metal substrates [46,70,72]. This is identified by the
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preservation of the graphene Dirac cone in the neighbourhood of the K point. While
a slight shift and hence a doping of the π band is observed for all these systems,
the remaining electronic structure is comparable to that of freestanding graphene
(see Fig. (1.7)(b)). Furthermore, minigaps may open at the crossing points of the
original bands and band replica depending on the strength of the moiré potential as
observed for graphene/Ir(111) [70].



2 | Unravelling electronic structure at
the nanoscale with scanning tunnelling
microscopy and spectroscopy

Ever since its invention in 1982 by Binnig and Rohrer [74,75], scanning tunnelling
microscopy (STM) and spectroscopy (STS) has established itself time and time
again as a fundamentally important and incredibly versatile tool for surface analysis,
eventually winning them the 1986 Nobel prize in physics. Not only has it helped
to resolve the discussions about the 7 × 7 surface reconstruction of the Si(111)
surface [76] by means of topographic imaging, but it has furthermore allowed for a
manipulation and electronic investigation of solids at the atomic scale.
At the heart of STM lies the electronic transport between a conducting surface and
a sharp metallic tip, usually consisting of W or PtIr alloy, quantum mechanically
explained by a non-zero overlap of the electronic wavefunctions of both electrodes.
Due to this overlap, electrons can “tunnel” through the vacuum gap, thereby creating
a finite net tunnelling current in case of an applied bias between tip and sample
surface. Tunnelling currents can be measured for bias voltages much smaller than the
material work functions, therefore ruling out field emission as an explanation for the
observed process. Typical tunnelling currents vary between 10 pA and few nA at bias
voltages ranging from few mV to V. The tunnelling resistance increases exponentially
with broader barrier width, thus making the tunnelling current extremely sensitive
to differences in vertical separation, i.e.

IT ∝ e−2κd, (2.1)

where κ is defined as the decay constant and d the distance between tip and sample.
A typical separation of tip and sample during a scan is ≈ 1 nm. Hence, the vertical
resolution is in the sub-Å range and the lateral resolution in the (x, y) plane allows
for a resolution of features only few Å apart [77]. STM therefore enables imaging at
the atomic scale.
The STM tip is controlled with the help of a piezo scanner that bends in x and y
direction depending on the applied piezo voltage as presented in Fig. (2.1)(a), while

23
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Figure 2.1 | STM setup and main scanning modes. (a) Principal setup of an
STM including tunnelling contact between tip and sample, a piezo scanner and STM
electronics including a feedback loop for piezo scanner adjustment. (b) Depiction
of the constant current mode, where the tunnelling current and on homogeneous
samples thus the tip-sample distance is held at a fixed setting. The necessary read-
justment of the tip position - and therefore the apparent height - is carried out with
the help of a regulatory feedback loop, which controls the piezo tube. The obtained
height profile is exemplarily displayed for two different feedback loop sensitivity
settings (light grey and dark grey correspond to low and high sensitivity, respec-
tively). (c) The working principle of the constant height mode relies on a fixed tip
height, while scanning across the surface acquiring the changes in I(x, y). Images
are adapted from [44,73].

the z piezo behaviour depends on the measurement mode. In the most common set-
ting, the constant current mode, shown in Fig. (2.1)(b), the tip-sample distance is
perpetually readjusted by a feedback loop in order to maintain a set current value
producing a three-dimensional data set (x, y, z(x, y)). For a homogeneous charge
density distribution at the sample surface, this corresponds to a constant tip-sample
separation. In the much less frequently used operation mode, constant height mode
displayed in Fig. (2.1)(c), the tip is kept at a certain height while moving across the
(x, y) plane, without retraction at step edges or molecular clusters. The resulting
data set is of the form (x, y, I(x, y)), with a much higher chance of both electrodes
actually coming into direct contact, i.e. “crashing” the tip. The advantage of this
mode is the possibility of scanning at higher speeds, as the absence of a feedback
loop eliminates the time-consuming requirement to readjust the tip position in z-
direction.
Observing the characteristics of changes in the current with varying bias voltage fur-
ther allows to assess the local density of states (LDOS) of a sample surface. Those
methods, falling in the category of spectroscopic measurements, offer a local means
of determining the density of states as well as viable scattering vectors. They are
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thus referred to as point spectroscopy, i.e. varying the applied bias voltage at a spe-
cific (x, y) position over a large voltage range, or quasiparticle interference mapping,
i.e. locally varying the voltage by a small modulation and observing the generated
standing wave patterns of electron backscattering over a larger area. Both topo-
graphic and spectroscopic operation modes are discussed in detail in the following
sections.

2.1 Theory of electron tunnelling

2.1.1 Bardeen’s theory of tunnelling

The theoretical foundations of the STM setup have been established by Bardeen
[78] much before the actual instrument development, in an attempt to interpret the
experiment of Giaever on metal-insulator-metal tunnelling junctions [79] for mea-
suring the superconducting energy gap. Due to the geometry of the given problem, a
one-dimensional consideration is feasible for this system, but can be readily expanded
to account for different tip-sample geometries in the three-dimensional description.
For the sake of simplicity, the one-dimensional case is presented here, as a summary
of the in depth derivation provided by Chen [80] and Wiesendanger et al. [81].
Starting from two distant electrodes A and B, as depicted in Fig. (2.2)(a), consid-
ered as electron reservoirs neglecting electron-electron interactions, which may be
arbitrarily fixed as tip and sample later, the spatial wavefunctions of both electrodes
fulfill the the Schrödinger equation, such that(

− ~2

2m
∂2

∂z2 + UA

)
φµ = Eµφµ (2.2)(

− ~2

2m
∂2

∂z2 + UB

)
χν = Eνχν (2.3)

for electrode A and B, respectively. According to a principal assumption of Bardeen’s
theory, both sets of wavefunctions are approximately orthogonal, i.e.∫

φ∗µχν d~r ∼= 0. (2.4)

This entails that neither spatial wavefunction is a solution of the combined Hamil-
tonian. Bringing the electrodes closer together, without violating the assumption of
approximate orthogonality, results in a combined Schrödinger equation

i~
∂Ψ
∂t

=
(
− ~2

2m
∂2

∂z2 + UA + UB

)
Ψ, (2.5)
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Figure 2.2 | Illustrations to Bardeen’s theory of electron tunnelling. (a)
Wavefunctions φµ and χν of electrode A and B, respectively, decaying exponen-
tially into the tunnelling barrier for the one-dimensional case. (b) Tunnelling theory
extended to three dimensions assumes a vacuum separation between STM tip and
sample surface. A separation surface Σ marks the boundary between sample and tip
volume. Images are adapted from [80].

which after a time t will have a certain possibility of having transferred from the
states of electrode A to electrode B, such that

Ψ = φµe
−iEµt/~ +

∞∑
ν=1

cν(t)χνe−iEνt/~. (2.6)

Since the likelihood for tunnelling is very small, the problem can be treated using
first order perturbation theory. Now, a tunnelling matrix elementMµν can be defined
as

Mµν =
∫

z>z0

φµUBχ
∗
ν d3~r (2.7)

with a separation surface positioned at an arbitrary distance z0 from electrode A.
The resulting time-dependent amplitude of state ν in electrode B can thus be ex-
pressed by

cν(t) = Mµν
e−i(Eµ−Eν)t/~ − 1

Eµ − Eν
. (2.8)

The corresponding tunnelling probability already indicates the relation to the elec-
trode’s density of states (DOS) ρB(E) at energy E, as

pµν(t) =|cν(t)|2 =|Mµν |2
4 sin2[(Eµ − Eν) t/2~]

(Eµ − Eν)2 = 2π
~
|Mµν |2ρB(Eµ) t. (2.9)

The tunnelling probability is largest for Eµ = Eν , which represents the case of
elastic and thus virtually dissipationless tunnelling. The tunnelling matrix element
obtains its energy dependence via the energy dependent eigenvalue of the electrode
wavefunctions, i.e. φµ(z) = φµ(0)e−κµz, where the decay constant κµ is defined as
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κµ =
√

2m|Eµ|/~ and analogously for χν . It can therefore be summarized after some
rearrangement of the relevant terms to

Mµν = ~2

2m

∫
z=z0

(
φµ
∂χ∗ν
∂z
− χ∗ν

∂φµ
∂z

)
dxdy. (2.10)

In order to finally determine the total tunnelling current, the density of states of
electrodes A and B have to be taken into consideration, alongside the occupation of
these states given by the temperature dependent Fermi distribution function f(E).
Summing over the transition processes of all available states convoluted with their
occupation thus yields

IT = 4πe
~

∞∫
−∞

|M(ε)|2 (f(EF − eV + ε)− f(EF + ε))

× ρA(EF − eV + ε) ρB(EF + ε)dε

(2.11)

for any chosen bias voltage V . The Fermi distribution function is given by

f(E) = 1

1 + e

(
E−EF
kBT

) . (2.12)

If experiments are carried out at low temperatures, the expression for the total
tunnelling current can be simplified to

IT = 4πe
~

eV∫
0

|M(ε)|2 ρA(EF − eV + ε) ρB(EF + ε) dε, (2.13)

which is indeed sufficient for the majority of the experiments carried out in the
course of this thesis (4kBT � e∆V ). As follows from this simplified equation, the
tip and sample density of states can be directly accessed by measurement of the
tunnelling current or even better, its derivative with respect to energy.
In order to expand this picture to a three-dimensional tip and sample geometry, the
derivation has to be expanded to account for the deviations from the one-dimensional
case. The tunnelling matrix element is now described by a surface integral over the
bent separation surface Σ, i.e.

Mµν = ~2

2m

∫
Σ

(φµ∇χ∗ν − χ∗ν∇φµ) d~S = M∗νµ. (2.14)

as displayed in Fig. (2.2)(b).
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2.1.2 The Tersoff-Hamann model

The most interesting challenge not covered in the description by Bardeen is a
fundamental question in the field of STM, namely to calculate an exact expression
for the tunnelling matrix element. Most approaches, among them also the model
established by Tersoff and Hamann [82, 83], choose an expansion of spherical har-
monic components Ylm(θ, φ) around the center of the tip’s apex atom ~r0 in order to
describe the tip wavefunctions within the gap region.
The easiest type of tip configuration is achieved for l = 0, thus representing an s-type
wavefunction that yields

Mµν ∝ φµ(~r), (2.15)

while p-type wavefunctions can be described by the derivative of the wavefunction
with respect to r0 and so on following the derivative rule for more complex types of
wavefunctions [80]. The proportionality can hereby be constructed by representing
the wavefunctions’ angular dependence in terms of x, y and z and replacing each by
their particular derivative

x→ ∂

κ ∂x
, y → ∂

κ ∂y
, z → ∂

κ ∂z
, (2.16)

where the decay constant κ =
√

2mφ/~ and φ is the work function. Depending on
the present tip wavefunctions, the lateral resolution of STM imaging can be greatly
improved, making those tips preferred candidates for topographic imaging, however,
not necessarily suitable for STS due to their rather pronounced variance in density
of states. This provides an explanation for the features resolved with the use of W
and PtIr tips, as their DOS at EF is mostly dominated by d-electrons.
As stated by Tersoff et al. [82], the most general expression of the surface wave
function assuming a negligible potential is of the form

φµ = 1√
Ωs

∑
G

aG exp
(
−
√
κ2+|~k‖ + ~G|2 z

)
exp

(
i(~k‖ + ~G) · ~x

)
, (2.17)

where Ωs denotes the sample volume, ~k‖ the surface Bloch wave vector of the state
and ~G the reciprocal lattice vector of the surface. The wave function term for ~G = 0
shows the slowest decay in z-direction, thus posing the largest contribution to the
tunnelling rate. The Tersoff-Hamann approximation now yields a tunnelling matrix
element for this term of

|Mµν |2 ∝ e−2Kd, (2.18)

assuming K =
√
κ2+|~k‖|2 by substitution of the ~G = 0 term into Eq. (2.17). This

clearly demonstrates that the tunnelling probability is maximized for sample states
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Figure 2.3 | Sketch of a trapezoidal tunnelling barrier using the Wentzel-
Kramer-Brillouin approximation. Simplified tunnelling barrier schematics for
the derivation of the transmission coefficient. The work function of tip and sample
are approximately equal, while the applied bias voltage is smaller. Image adapted
from [73].

at high energy, i.e. small absolute values |Eµ|, and small values of |~k‖|, i.e. states
close to the centre of the surface Brillouin zone, which is a rather intuitive notion.

2.1.3 High bias regime

As originally intended by Bardeen and Tersoff et al., the theory of electron tun-
nelling was limited to low voltages, as they simply aspired to interpret the results
obtained by Giaever [79]. Because high electric fields generated within the vacuum
gap do not allow for the simple first-order perturbation of tip and sample states,
however, an extension of this theory to finite voltages becomes a much more delicate
issue. This is especially important as in contrast to its original intent, STM is usually
carried out over a much larger voltage range (up to several V) in order to observe
electronic features further away from the Fermi level.
The arising problem can be treated by introducing an approximate, ~k-independent
correction factor, namely the transmission coefficient T (ε, eV ) proposed by Sell-
oni et al. [84], which allows to relate the total tunnelling current defined for the
one-dimensional system in Eq. (2.11) to the tip and sample density of states while
accounting for the voltage drop in the gap region

I ∝
∫

(f(ε− eV )− f(ε)) ρs(ε)ρt(ε− eV )T (ε, eV )dε. (2.19)

The transmission coefficient T (ε, eV ) can then be evaluated assuming a trapezoidal
Wentzel-Kramers-Brillouin (WKB) approximation of the vacuum tunnelling barrier
presented in Fig. (2.3) as [81]

T (ε, eV ) = exp

−2d
√

2m
~

√
φt + φs

2 + eV

2 − ε

 . (2.20)
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This approximation allows for a sufficient description of the STM measurements
carried out in the course of this thesis, therefore further amendments to the expres-
sion of I incorporating effects such as electron-electron interaction in the theoretical
description are omitted.

2.2 Measurement modes

2.2.1 Topography mode

As mentioned previously, there are two main topographic measurement meth-
ods, namely constant-current and constant-height mode (schematically depicted in
Fig. (2.1)). While both clearly allow to image differences in electron density and thus
allow to determine step edges, defects and surface reconstructions by mapping the
changes in probability density connected to the atomic positions, the obtained map
does not solely reflect mere topographic features. Therefore the measured height is
denoted as apparent height and has to be evaluated with special caution regarding
its electronic origin.
Curious manifestations of this effect are for instance inverted steps measured on
inhomogeneous sample surfaces, where a topographically lower metal substrate ap-
pears to be higher than a graphene flake growing at the edge and lying on top of a
metal terrace. A similar phenomenon can be observed for different adsorbates with
lower DOS compared to the underlying metal substrate that appear to be embed-
ded in metal layer like a “hole” or a “basin”, while they actually cover the metal
surface. Therefore topographic images obtained with STM have to be interpreted as
a convolution of electronic and structural features.

2.2.2 Spectroscopy mode I(V )

The local electronic structure of a surface is most commonly investigated with
the help of spectroscopic techniques, such as point spectroscopy, which comprises
an I(V ) measurement at a given position (x, y) of the sample. Depending on the
voltage regime, the energy and voltage dependent transmission coefficient thereby
has to be accounted for in two different ways.
In the low voltage regime, the energy dependence of T (ε, eV ) can be neglected, as
in the case of Giaever [79], thus yielding an expression for the tunnelling current, or
rather the differential conductance, that is directly related to the sample DOS ρs.
Assuming a virtually flat DOS for the tip ρt, the total tunnelling current is given by

IT ∝ ρt(0) T (0, 0)
eV∫
0

ρs(ε)dε, i.e. (2.21)

dIT
dV ∝ ρs(eV ). (2.22)
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Figure 2.4 | Tunnelling contributions in the high bias voltage regime. (a)
At a bias voltage of V = 0, the Fermi level of tip and sample coincide, resulting
in a zero net tunnelling current. At finite temperatures, tip and sample DOS fur-
thermore exhibit an occupation according to the Fermi distribution function close
to EF. (b) In the case of a positive bias voltage V > 0, the sample and tip DOS
is shifted with respect to each other by eV , yielding a finite net tunnelling current.
The highest occupied tip states contribute most strongly to the tunnelling current.
(c) For negative bias on the other hand, i.e. V < 0, the strongest contribution comes
from the highest occupied sample states.

This approximation is valid for bias voltages small compared to the combined sample
and tip work function and measurements carried out at low temperatures, such that
kBT is small compared the considered energy range at which modulations of the
DOS are recorded.
For larger bias voltages, yet still far below energies comparable to the combined
work function, i.e. for bias voltages of few eV, the influence of the transmission
coefficient has to be taken into account. In this regime, the tunnelling current is
largely dominated by electrons of higher energy levels, as they experience a reduced
tunnelling barrier height (see Fig. (2.4)). The differential conductance thus primarily
probes the unoccupied sample states at energies close to Esample

F + e|V | for positive
bias and the unoccupied tip states at energies close to Etip

F + e|V | for negative bias
[80]. The magnitude of the transmission coefficient can be evaluated from Eq. (2.20),
leading to

T (ε, eV ) ≈ T (0, 0) exp
[
2
√

m

φs + φt

d

~

(
ε− eV

2

)]
. (2.23)

This yields a rough estimate for the effect of the transmission coefficient, assuming a
combined work function of 5 eV and a typical tip-sample separation d of 1 nm, which
increases by approximately one order of magnitude upon an increase in energy by
1 eV. Furthermore, it should be highlighted that T (ε, eV ) varies drastically with d,
resulting in largely different spectra for various tip-sample distances.
In order to “filter” out this strong influence, it has been suggested to introduce a
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normalized differential conductance in order to make the spectra more comparable.
At low temperatures and flat tip DOS, the practical aspects of normalization are
immediately apparent, when calculating the fraction of said expressions

IT ∝
eV∫
0

ρs(ε)T (ε, eV )dε, (2.24)

dIT
dV ∝ eρs(eV )T (eV, eV ) + e

eV∫
0

ρsample(ε)
d

d(eV )T (ε, eV )dε. (2.25)

The normalized spectrum is thus of the form

dIT/dV
IT/V

=

ρs(eV ) + e

eV∫
0

ρs(ε)
T (eV, eV )

d
d(eV )T (ε, eV )dε

1
eV

eV∫
0

ρs(ε)
T (eV, eV )T (ε, eV )dε

(2.26)

Making use of the approximation found in Eq. (2.23), i.e. d
d(eV )T (ε, eV ) ∝ T (ε, eV ),

shows that the voltage dependence of the second nominator term is very similar to
the denominator, hence resulting in a virtually voltage independent fraction. The
first nominator term therefore dominates the spectrum, divided merely by a very
smooth voltage dependent function. As a consequence, the normalized spectrum
principally reflects the dependence of the sample DOS ρs(eV ).
In order to determine the relevant information about the DOS, there are two main
techniques available for STS. The fraction can either be calculated numerically for
an I(V ) data set, using that the fraction of differential conductance dIT

dV and total
conductance IT

V can be obtained by calculation of d ln IT
d lnV , or with the help of a Lock-

in setup, which was used in the course of this thesis due to the better signal-to-noise
ratio and the working principle of which will therefore be presented in the following
section.

Lock-in technique

The lock-in method is chosen in order to simultaneously acquire total conduc-
tance IT/V as well as differential conductance dIT/dV data sets and to improve the
signal-to-noise ratio compared to numerical derivatives of IT(V ). This is achieved
via addition of a small sinusoidal modulation voltage V (t) = V̂mod cosωt onto
the applied bias voltage V , resulting in turn in a modulated tunnelling current
I(t) = I(V + V̂mod cosωt) in the tunnel junction [44,73,85].
This modulated current I(t) is subsequently measured by a lock-in amplifier as
schematically presented in Fig. (2.5), yet this signal is already subject to noise N(t),
which is superimposed in the current signal and also fed to the lock-in, i.e. the signal
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Figure 2.5 | Lock-in measurement principle and characteristic data. (a)
Schematic depiction of the working principle of a lock-in amplifier. The lock-in gen-
erates a modulation of the tunnelling current at a set bias voltage, which is then
multiplied by the original modulation and processed in a low-pass filter, thus elim-
inating all frequency contributions different from the original modulation. The re-
sulting signal allows to directly obtain data sets of the differential conductivity.
(b) Typical data for an IT(V ) spectrum of graphene/Ag(111). (c) Corresponding
dIT/dV spectrum acquired with the lock-in amplifier on BiAg2. Spectroscopy pa-
rameters: Gap present at VT = 1.0V, IT = 1000pA; Vmod = 5mV, fmod = 678.2Hz,
τLock-in = 100ms, τRaster = 300ms, T = 5.0K.

recorded by the Lock-in is of the form I(V + V̂mod cosωt) + N(t). The signal mea-
sured in the lock-in increases if IT reacts very sensitively to the addition of Vmod, i.e.
large changes in IT for a relatively small added Vmod. The frequency fmod = ω/2π
of the modulation voltage should be chosen smaller than the bandwidth of the STM
preamplifier in order to enable proper measurement of the tunnelling signal, but
higher than piezo scanner regulation frequency thus avoiding any influence on the
scan feedback loop, i.e. a frequency between 300 and 800Hz. Furthermore, harmon-
ics of 50Hz do not serve as viable choices for fmod, as this would result in large noise
originating from the frequency of the power grid.
In the lock-in amplifier, the measured signal is multiplied with the φ phase shifted
modulation signal of the function generator and subsequently passed through a low-
pass filter. The corresponding output is of the form

lim
τ→∞

1
τ

τ
2∫

− τ2

(
I(V + V̂mod cosωt) +N(t)

)
cosωtdt, (2.27)

which can be simplified making a few assumptions. Firstly, the modulated signal
is considered to be uncorrelated with the noise N(t) obtained in the measurement



34 Chapter 2 STM and STS

process. The averaging function then yields a zero term for a time average of the
noise N(t), therefore practically eliminating the noise component. In the range of
small modulation voltages Vmod, the expression for the tunnelling current can be
Taylor expanded as

IT(V + V̂mod cosωt) = I(V ) + dIT
dV (V )V̂mod cosωt+O

(
(V̂mod cosωt)2

)
,(2.28)

the average of which substituted into Eq. (2.27) will further cancel all contributions
of frequencies different from ω, hence only preserving the term proportional to the
differential conductance dIT/dV in the lock-in output, which as derived in Eq. (2.22)
reflects the sample density of states at the energy E = EF + eV .
The phase shift of the multiplied oscillatory signal is crucial part of the lock-in
setup, as it serves to eliminate any contribution of complex capacities arising from
wires and the tunnelling junction. The determination of the required shift is exper-
imentally carried out by increasing the tip-sample separation until the tunnelling
contribution itself vanishes and a subsequent minimization of the capacitive signal.
During lock-in measurements, the actual measurement acquisition time (i.e. “raster
time” τR) at a single data point should be adjusted to several periods of the inte-
gration time τL of the lock-in in order to guarantee correct signal averaging over full
periods, thus improving the quality of the measured spectra. The upper integration
time limit is the solely given by the stability of the tunnelling contact and the tip
condition.
Rewriting and partial integration of the lock-in output expression yield

1
2πVmod

Vmod∫
−Vmod

dIT
dV (V + x)

√
V 2
mod − x2 dx. (2.29)

The lock-in output thus corresponds to a convolution of the differential conductance
and a semicircle of radius equal to V̂mod with a FWHM ∆mod =

√
3V̂mod ≈ 1.7V̂mod.

Spectroscopic features smaller than the signal broadening of the lock-in due to the
modulation voltage will therefore not be resolved, when using this measurement
technique. As a result, Vmod should be chosen as small as possible while still en-
suring a sufficient signal strength. Depending on the selected lock-in system, the
FWHM can vary due to different processing inside the lock-in.
Another factor limiting the spectroscopic resolution is broadening due to finite tem-
peratures. Charge carriers are distributed on the sample surface and the tip accord-
ing to the Fermi distribution function, leading to a proportionality of differential
conductance and density of states given by

dIT
dV ∝

∞∫
−∞

df(ε)
dε ρs(ε+ eV ) dε. (2.30)
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The signal therefore consists of a convolution of sample DOS and the derivative of
the Fermi distribution function f(E) with a FWHM ∆T = 3.5kBT .
The resulting total energy resolution of the setup can hence be summarized as a
combination of lock-in and temperature broadening and can be estimated by

∆E ≈
√

∆2
mod + ∆2

T. (2.31)

Using the more common expression of the root mean square (rms) modulation volt-
age Vmod = V̂mod/

√
2, this becomes

∆E ≈
√

(2.4eVmod)2 + (3.5kBT )2. (2.32)

2.2.3 Quasiparticle interference maps dI/dV

In order to acquire a spatially resolved map of the sample DOS, the differential
conductance has to be determined locally in a grid of sufficient lateral resolution.
This yields a dataset dI/dV (x, y, eV ) and can be performed by two different meth-
ods.
Point spectroscopy grids include the measurement of full dI/dV spectra at sev-
eral grid positions on a surface. While this allows to access locally resolved maps
at virtually any energy within the energy resolution of the data set, it requires an
extraordinarily stable tip condition as well as temporal stability concerning the posi-
tioning of the tip, i.e. excluding any significant influence of thermal drift. Depending
on the desired energy resolution, the acquisition of a single spectrum at one grid site
takes ≈ 30 s. Most commonly, the tip-sample separation is determined by the tip
position corresponding to the highest voltage of the spectrum, set just before the
feedback loop is opened.
Quasiparticle interference maps or dI/dV maps, on the other hand, have to be
recorded at certain bias voltages, thus limiting energy resolution to a few particular
set values. The requirements on tip stability and thermal drift are relaxed, however,
as the data acquisition process can be performed much faster (≈ 9ms integration
time per site). The tip-sample separation is controlled via the regular STM feedback
loop and an additional low-pass filter that masks the influence of the modulation
voltage at the selected bias voltage.
In this thesis, measurements were primarily carried out using the latter method,
namely QPI maps, as tip stability was generally the most challenging part of spectro-
scopic measurements. The orbital configuration of the tip apex atom was frequently
subject to changes upon large changes in bias voltage, especially at step and flake
edges as well as defects and clusters.
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Figure 2.6 | Simplified surface bandstructure and spatial distribution of
electronic surface state wavefunctions. (a)Within the energy gap not occupied
by bulk states of the perfect crystal lattice, surface states form, as the periodicity of
the lattice is broken due to the presence of a surface. The binding energy E0 marks
the vertex of the parabolic dispersion with respect to the Fermi level. (b) Spatial
distribution of the wavefunction ψ(z) decaying exponentially normal to both sides of
the surface plane. Inside the crystal lattice, the decay is modulated with a periodicity
of lattice constant a due to the presence of a periodic potential.

Surface states

Electronic wavefunctions of infinite perfect crystal lattices can be represented by
Bloch waves of the form

ψk(x) = eikxuk(x) (2.33)

in the periodic potential U(x) = U(x + a), where a indicates the lattice periodic-
ity and uk(x) is a periodic function with respect to a. At interfaces and surfaces,
however, this periodicity is broken thus resulting in an altered band structure of the
solid in this region of space. An interesting feature in the bandstructure of metals is
the formation of surface states within the energy gap (see Fig. (2.6)(a)) that decay
exponentially into vacuum and the crystal bulk, modulated by a periodic function
on the side of the solid as displayed in Fig. (2.6)(b) [80, 86]. Nearly free-electron
metals, e.g., alkali and alkaline earth metals, exhibit very weak or no surface states
at all, while the surface states of transition metals and semiconductors are rather
strong [80]. The dispersion of such surface states is given by

E( ~k‖) = EF − E0 +
~2|~k‖|2

2m∗ . (2.34)

Here, E0 denotes the binding energy and m∗ the effective mass of the surface state.
Those parameters are compiled in Table (2.1) for the surface states of the (111) face
of the noble metals Ag, Au and Cu, most relevant to the measurements conducted
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Table 2.1 | Binding energy and normalized effective electron mass of the surface
states of the Ag(111), Au(111) and Cu(111) [87].

Au Ag Cu
E0 [meV] 408 121 391
m∗/me 0.284 0.531 0.461

for this thesis [87, 88]. All three exhibit an sp-derived L-gap surface state [88] cen-
tered at the Γ̄ point with comparable binding energies and effective electron mass.
While the electronic states of Ag and Cu are virtually degenerate, spin-splitting is
observed in the case of the Au(111) surface state, the origin of which, namely the
Rashba effect, is discussed in more detail in Sec. 5.2.
The method known as quasiparticle interference mapping or Fourier-transform scan-
ning tunnelling spectroscopy (FT-STS) allows for a quantitative investigation of such
surface states with the help of an STM [89–94]. While surface states are not observ-
able in STM on a perfectly flat surface, quasiparticle interference forms standing
wave patterns, the so-called Friedel oscillations [95], at step edges and defects su-
perimposed on the otherwise flat topography, which are directly visible in real space
as a lateral modulation of the tunnelling current.
First records of standing wave patterns produced by quasiparticle scattering of the
respective surface states were published for the Au(111) [96] and the Cu(111) [97]
surface in 1993 and the method has since been refined for the investigation of high
Tc-superconductors [98,99], topological insulators [100,101] and even Fermi surface
spin structure of half-magnetic materials [101,102].
These oscillations in the LDOS are a primary example of charge screening within
a quasi-free 2D electron gas, with standing waves originating at the scatterer and
spreading outwards. Hence the corresponding local charge density is of the form

ρ(~r) = e
∑
~kocc

|Ψ~k
(~r)|2. (2.35)

Summing over all occupied states, the length of the wave vector of the Friedel os-
cillations is determined as q = 2kF. As the position dependent probability density
function contributes to the charge density as the modulus square of the electron
wavefunction, the wavelength of the standing wave pattern corresponds to half the
wavelength of the originally interfering waves. A characteristic decay of these os-
cillations is observed, depending on the dimensionality of the electron gas and the
scatterer as 1/rα [91]. This leads to a relatively short decay length in bulk systems,
while standing wave patterns can be readily observed for disorder in 2D and 1D
crystals.
Depending on the chosen bias voltage, the wavelength of these wave patterns varies,
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which allows to deduce the electron k-vectors. This bias voltage dependence is exem-
plarily collated in Fig. (2.7), which shows strong standing wave patterns at the step
edge and defects, i.e. the edges of the overlying graphene flakes [46]. The electronic
dispersion of the surface state electrons is observable due to the change in the wave-
length of the interference pattern, e.g. shorter wavelength for larger positive bias in
the case of Ag(111), as seen in the surface line profiles displayed in Fig. (2.7)(i).
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Figure 2.7 | Standing waves generated by surface state electrons of
Ag(111). (a) Topography of a graphene flake lying across two flat Ag terraces.
(b–h) Clearly visible bias voltage dependent standing wave patterns in dIT/dV
maps forming at step edges and off the adsorbed graphene flake. (i) Line profiles
of the positions marked by the red bar in (b–h) with clearly decreasing wavelength
towards higher bias voltages. The datasets are offset for better visibility. Imaging
parameters: IT = 750pA, Vmod = 5mV, fmod = 789.4Hz, T = 10K.
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Figure 2.8 | Electron backscattering of an isotropic surface state at de-
fects. (a) CEC of a parabolic surface state located at the centre of the BZ. Electrons
are backscattered from state ~k to ~k′, resulting in a scattering vector ~q of length 2k.
(b) The resulting FT-LDOS picture is a circular contour centred at ~q = 0. (c) Ex-
perimentally observed FT-LDOS map obtained from electron backscattering on the
Au(111) surface shown in the inset (white scale bar corresponds to 20nm). Imaging
parameters: VT = −0.05V, IT = 600pA, Vmod = 4mV, fmod = 665.0Hz, T = 8.3K.

The construction of the power spectrum

A fast Fourier transform of the resulting topographic I(x, y) or spectroscopic
dIT/dV map, often denoted power spectrum of FT-STS and FT-STM [90, 91], pro-
vides substantial information on the Fermi surface of the system under investigation
via the observed scattering vectors. At scattering sites, a quasiparticle in the initial
Bloch state ~k may be elastically scattered into a final state ~k′ that lies on the same
isoenergetic contour E(~k), the so-called constant energy contour. In accordance to
the derivation by Simon et al. [90,91], the wave vector of the resulting LDOS oscil-
lations is then given by

~q = ~k′ − ~k + ~G, (2.36)

where ~G denotes a reciprocal lattice vector. The new eigenstates are then constructed
by linear combination of the degenerate, unperturbed initial states to leading order
by perturbation theory, yielding the following position dependent energy-resolved
density of states

ρ(E,~r) = 1
4π3

∫
~q

|Ψ~q(~r)|2δ(E − E(~q))d~q (2.37)

which can be expressed in terms of the Fourier coefficient of the LDOS g(E, ~q)

g(E, ~q) = 1
4π2

∫∫
E(~k)=E(~k′)=E

f(~k,~k′, ~G)δ(~q − ~k + ~k′ ± ~G) d2k d2k′ (2.38)

⇒ ρ(E,~r) = 1
2π

∫
~q

g(E, ~q)ei~q·~r d~q. (2.39)
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Here f(~k,~k′, ~G) is a weighing factor depending on the matrix elements, which is in
turn influenced by the exact configuration and structure of the defects. For a suffi-
ciently large number of different defect types, the weighing factor is assumed to be a
sufficiently smooth, rather slowly varying function of ~k and ~k′. The intensity distri-
bution of the resulting joint density of states (JDOS) map is therefore constructed
from the number of ~q vectors of equal length and direction produced by pairs of ~k
and ~k′.

JDOS(E, ~q) = 1
4π2

∫∫
E(~k)=E(~k′)=E

δ(~q − ~k + ~k′ ± ~G)d2k d2k′. (2.40)

Backscattering of electrons, i.e. transitions from Ψ~k
(~r) to Ψ−~k(~r) with opposite mo-

mentum on the CEC, of the noble metal surface states, which are isotropic and
centered at the Γ̄ point of the Brillouin zone, results in standing wave patterns with
a periodicity q = 2kF, i.e. a wavelength of λ = 2π/q = π/k [93]. As observed ex-
perimentally [46, 89, 103, 104], a JDOS calculation thus produces a circular feature
centred at ~q = 0 as visualized in Fig. (2.8). While wave vectors for ~G 6= 0 produce
replica features shifted by the corresponding reciprocal lattice vector, the contribu-
tion of ~G = 0 to the JDOS is the strongest. The linewidth of these features strongly
depends on the applied modulation voltage during the mapping process, as this pro-
vides a variation in the energy band of available CECs, as well as the temperature
of the system during acquisition [90,92].
While the geometrical scattering vector construction of the JDOS approximation
includes all possible transitions of states on the CEC, it fails to weight all scat-
tering processes appropriately and thus generates additional features not observed
in the FT-LDOS of a real experiment, in which the scattering probability of some
transitions may be decreased due to factors such as chirality, which is exemplarily
depicted for the case of ErSi2 in Fig (2.9). This can be accounted for within the T -
matrix formalism, briefly discussed for the special case of graphene in the following
paragraph.
Starting from a tight-binding calculation of the graphene bandstructure as described
in more detail in Appendix A, the density of states can be expressed as

ρ(E,~r) = − 1
π

Im{tr{G(E,~r, ~r′)}}. (2.41)

In this framework, G(E,~r, ~r′) denotes the retarded Green’s function in real space,
which represents the probability for an electron created at the STM tip site ~r′

to travel to the position ~r. Considering the simplified case of a strongly localized
impurity potential, the deviation of the LDOS δρ(E,~r) from the background ρ0(E)
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Figure 2.9 | Construction of the power spectrum with JDOS and station-
ary phase approximation. (a) Scattering process between a stationary point pair
~k → ~k′. The resulting scattering vector ~q connects points of the CEC with parallel
tangential orientation and opposite group velocity. (b) Due to graphene pseudospin
conservation, no intravalley scattering vector is observed for quasiparticle backscat-
tering processes on extended impurities, in contrast to the construction from the
JDOS approximation. (c) A similar restriction is found for spin-split surface states
with locked momenta and spin. While quasiparticle backscattering from the inner
to the outer parabola is observable (corresponding to ~q1), chirality is violated for
backscattering between points of the inner or outer CEC, as this would require a
spin-flip process. (d) CEC of ErSi2. (e) JDOS approximated power spectrum of
ErSi2 containing all scattering vectors connecting points on the CEC. (f) FT-LDOS
map of ErSi2 corresponding to the JDOS with stationary phase approximation, thus
including only scattering between stationary point pars ~k → ~k′. Images (a),(d)–(f)
adapted from [91]. Reprinted with permission of IOP Publishing.

can be obtained by

δρ(E,~r) = ρ(E,~r)− ρ0(E) (2.42)

= − 1
π

Im
∫
ei(
~k−~k′)·~r

(2π)4

× tr{G0(E,~k)T (E,~k,~k′)G0(E,~k′)} d2k d2k′. (2.43)

The T -matrix comprises an exact expression of the scattering potential and G0(E,~k)
is the free retarded Green’s function in momentum space [91,105]. Depending on the
assumed scattering potential, the length scale of the decay of the LDOS oscillations
can be calculated. In order to estimate the contribution of each scattering process to
the LDOS oscillations, the phase factors have to be taken into account, when eval-



42 Chapter 2 STM and STS

uating the loop integral along the CEC. Within the integral, any oscillatory terms
ei(
~k−~k′)·~r will cancel if the phase changes too rapidly due to destructive interference,

whereas same phase terms will interfere constructively and thus contribute to the
LDOS oscillations [91,105]. As only pairs of stationary points ~k and ~k′ will produce
LDOS modulations actually extending from the scattering sites, this additional cri-
terion for the construction of the JDOS is commonly known as stationary phase
approximation, which reduces the intensity of scattering features in the steady state
JDOS to the experimentally observed structures of the FT-LDOS. This criterion
can be rephrased in the form

∇~kE(~k)|~k = −∇~kE(~k)|~k′ , (2.44)

which yields several implications for scattering transitions of graphene as well as
surface state electrons [90,91,93,106].
In degenerate isotropic surface states, the most prominent FT-LDOS contribution
arises due to scattering from ~k to −~k, as the gradient of the dispersion, i.e. the
group velocity of the surface state band, changes its sign, thus fulfilling the gradient
condition defined in Eq. (2.44). The tangents on the CEC of two stationary point
pairs ~k → ~k′ are parallel and point in the same direction (nesting condition). This
is depicted in Fig. (2.9)(a).
While for the discussed surface states only backscattering is allowed, graphene ex-
hibits a peculiarity with respect to the observed scattering processes. As introduced
in Chapter 1, the bandstructure of graphene exhibits an additional degree of free-
dom, namely the pseudospin, due to the presence of the two carbon sublattices A
and B that are required to construct the graphene honeycomb structure. In scat-
tering processes off of smooth scattering potentials, i.e. variations larger than the
length scale of a C-C bond, pseudospin is conserved, such that scattering between
neighbouring cones is only possible for backscattering with respect to the K and K ′

points, such that Eq. (2.44) is valid. The lateral decay of these LDOS oscillations
follows a 1/r behaviour [107]. Intranodal scattering, on the other hand, is not pos-
sible without violation of pseudospin conservation, as the pseudospin is locked in
parallel (anti-parallel) with the momentum vector of the K (K ′) valley [91,93,106].
This is schematically presented in Fig. (2.9)(b). In the case of a localized, atomic-
scale defect, however, backscattering is not prohibited. Nevertheless, since incident
and backscattered quasiparticle exhibit opposite pseudospin, they cannot interfere
constructively, thus leading to a reduced length scale of Friedel oscillations with
suppressed intensity in the vicinity of the scatterer, decaying as 1/r2 rather than
1/r [91, 107].
If the spin-degeneracy of a surface state is lifted due to strong spin-orbit coupling,
e.g. in the case of the Rashba-split surface states of Au(111) and BiAg2 discussed
in more detail in Chapter 5, some scattering vectors are also prohibited as they
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would require a spin-flip process. In these systems, the spin of a particle is locked
in the surface plane perpendicular to its momentum vector depending on the CEC
it lies on. Following the gradient condition, only backscattering can take place from
the initial to the final state on the CEC of the split surface state as given by the
stationary phase approximation, however, scattering between two points on one cir-
cular contour is prohibited. As displayed in Fig. (2.9)(c), backscattering between the
inner and the outer contour of the split surface state can be observed, as it gener-
ates a constructively interfering standing wave pattern ~q1. Wavefunctions of states
with opposite spin are orthogonal and therefore will not interfere, thus reducing the
number of allowed scattering vectors in the FT-LDOS [101, 102, 108]. Next to the
possibility to locally visualize the available scattering vectors and thus derive the
electronic dispersion, this feature further enhances the method of QPI mapping to
ascertain the nature of spin-related properties of topologically interesting systems,
such as topological insulators, and makes it a powerful tool in surface analysis.
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3 | Beyond tunnelling: Sample
preparation, setup and additional
characterization methods

This chapter comprises all relevant investigation methods besides STM and STS
used to study the structural and electronic nature of expitaxial graphene nanoflakes
on metallic and semiconducting surfaces in the course of this thesis. In addition, it
contains a brief description of the sample preparation techniques including relevant
growth parameters and an overview of the research setup with the relevant technical
details.

3.1 Ultra-high vacuum setup

The principal setups used for sample preparation as well as surface analysis
are two Omicron ultra-high vacuum (UHV) clusters with a base pressure of 5 ·
10−11 mbar, unless stated otherwise. Each cluster consists of two connected, but
dividable chambers, intended for locally separated sample preparation and analysis.
The systems are individually pumped by a set of rotary and turbo-molecular pumps
as well as a combination of titanium sublimation pump (TSP) and ion getter pump,
during more sensitive measurements requiring a vibration free mode. The equipment
provided for in-situ sample fabrication is practically identical in both clusters. Every
setup contains an ion gun for Ar+ sputtering, resistive and direct sample heating for
annealing to moderate temperatures. The high temperatures required for graphene
growth on Ir are achieved with the help of electron bombardment within a sample
flashing station. A similar method is used for the conditioning of polycrystalline W
or commercial PtIr tips in the respective flashing station. Several Knudsen effusion
cells and electron beam evaporators serve to deposit adatoms as well as thin films
of material on the samples’ surface, while leak valves allow for a precise gas inlet
control.
Both the VT-STM as well as the cryogenic STM cluster provide LEED optics in order
to assess the general surface quality of the crystals, before STM study. An Omicron
EA 125 hemispherical electron energy analyzer in the VT-STM cluster allows for

45
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Figure 3.1 | VT STM cluster with preparation and analysis chamber
in UHV. (a) Preparation chamber with several evaporators and sample flashing
station. (b) Analysis chamber with VT STM, PES setup and LEED optics. (c)
LEED screen. (d) Electron energy analyzer. (e) Load lock. (f) VT-STM with a W
tip approaching from the bottom, sample not loaded.

a wide variety of photoelectronic spectroscopy measurements, such as XPS, UPS
and EELS. It is equipped with a seven channel electron multiplier (CEM). The
excitation sources for XPS and UPS are a twin-anode X-ray source (with Al and Mg
anodes, i.e. hνAl = 1486.6 eV and hνMg = 1253.6 eV) and a standard He lamp (He
II at hνHeII = 40.8 eV), respectively. For the measurements on graphene/Ge(110),
operation of the analyzer was carried out in the constant analyzer energy mode
(CAE).

3.1.1 Variable temperature scanning tunnelling microscope (VT-STM)

The VT STM allows for measurements in both STM and atomic force microscopy
(AFM) mode. The setup shown in Fig. (3.1) can be cooled with liquid nitrogen or
helium down to temperatures of ≈ 25K. Noise reduction is implemented via an eddy
current damping suspension of the STM inside the chamber. The bias voltage applied
between sample and tip is chosen such that negative bias probes the occupied states
of the sample. All measurements obtained from the VT-STM presented in this thesis
were exclusively carried out at room temperature and in the constant current STM
scanning mode.
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Figure 3.2 | Cryogenic STM cluster with cryostat, preparation and analy-
sis chamber in UHV. (a) 4He evaporation cryostat and superconducting magnets.
(b) Analysis chamber with the STM. (c) Preparation chamber including sputter
gun, annealing stages, evaporators and LEED screen. (d) Pneumatic damping sys-
tem. (e) Carbon sublimation source. (f) Knudsen effusion cell. (g) STM with Pt/Ir
tip and mounted Ir(111) single crystal.

3.1.2 Cryogenic scanning tunnelling microscope (Cryo-STM)

In order to achieve high-resolution, low-noise topographic and spectroscopic mea-
surements, samples can be investigated in the Cryo-STM setup displayed in the pro-
tographies in Fig. (3.2). With the help of a continuously operated 4He evaporation
cryostat, STM measurements in the Cryo-STM could be performed at temperatures
from as low as ≈ 1.8K to room temperature. In addition to operation at low tem-
perature, 3D magnetic vector fields can be generated by superconducting magnets,
resulting in magnetic fields of up to 6T applied perpendicular to the sample surface,
as well as fields of up to 1T along the sample surface.
In order to further decouple the STM from the environment and reduce noise, several
measures have been implemented, such as separate locations for strongly vibrating
pumping stations, passive air-conditioning and pneumatic damping for the entire
cluster. Foremost of all these measures is the positioning of the setup on a 35 t con-
crete slab, thus reducing vibrations from the surroundings.
All spectroscopic measurements were carried out with the lock-in technique de-
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scribed in Chapter 2.2.2. The type is a conventional Standford Research Systems
SR 830 DSP lock-in amplifier set to frequencies between 300 and 800Hz, as previ-
ously noted. All precise parameters are given explicitly in the text or the caption for
each individual measurement. The same convention as for the VT-STM was selected
with respect to the bias voltage, i.e. negative voltages probe the occupied sample
states.

3.2 Crystal preparation routines

In the course of this thesis, graphene was grown on Ir(111) by temperature pro-
grammed growth and on Ge(110) by atomic carbon deposition in UHV with a base
pressure of p < 1 · 10−10 mbar. Ir(111) single crystals were supplied by MaTecK
GmbH (Germany) and SPL (Netherlands), while Ge(110) single crystals were pro-
vided by g-materials GmbH (Germany). All crystals were mounted on tungsten or
molybdenum sample holders, either in resistive heating (Ir(111) and Ge(110)) or
direct heating (Ge(110)) configuration.

3.2.1 Crystal preparation and graphene fabrication on Ir(111)

The Ir crystal cleaning procedure comprises the repetition of several common
cleaning steps, intended to reduce the amount of residual carbon in bulk Ir and pro-
vide a clean surface for graphene growth. In each cleaning cycle, commercial Ir(111)
single crystals were Ar+ sputtered at 2 keV and pAr = 4.5 · 10−5 mbar for at least
30min, subsequently oxygen annealed in two annealing steps each lasting 20min at
900− 1150◦C in 5× 10−7 mbar O2 partial pressure and finally flash annealed three
times for 5 s each at temperatures up to 1700◦C using electron bombardment of
the sample plate bottom. This cycle was repeated several times, while the crystal
cleanliness and surface quality was monitored with the help of LEED. Once the
surface was sufficiently clean, identified by clear atomic LEED patterns, graphene
nanoflakes of various sizes were grown on the surface by temperature programmed
growth followed by the deposition and intercalation of the desired metal substrate
layer at temperature ranging from 400− 500◦C. Annealing temperatures were care-
fully monitored continuously by both a contactless commercial pyrometer by optris
GmbH (Germany) as well as a thermocouple.
The same process was repeated at lower temperatures (200◦C) and various exposure
times for the preparation of BiAg2 resulting in largely varying coverages, as described
in Chapter 5. The preparation of graphene/BiAg2/Ag(111)/Ir(111) also included an
additional sputtering and annealing process right after graphene growth, in order to
introduce a well defined number of defects to the system, before intercalation took
place and prevented annealing to high temperatures.
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3.2.2 Crystal preparation and graphene fabrication on Ge(110)

Two different annealing techniques were employed to prepare and fabricate the
desired graphene/Ge(110) system, namely either direct heating of the Ge substrate
from a current passing through the sample (Joule heating of the sample) or resistive
heating of the manipulator filament that in turn heated the Ge(110) sample holder
and thus the Ge crystal (heat transfer of Joule heating of a filament). The resis-
tively heated samples are of considerably larger dimensions, i.e. 0.5 × 5 × 10mm3,
than the samples heated in direct heating mounting, i.e. 0.5 × 2 × 10mm3, in or-
der to minimize contaminations from the proximity to the sample holder during
Ar+-sputtering. While direct annealing allows for a much better overall tempera-
ture control and avoids the risk of temperature overshoot due to its fast reaction
time, it locally puts more strain on the crystal owing to the more complex sample
mounting thus resulting in very localized overheating. Therefore small regions of the
crystal surface are frequently molten leading to a destruction of the crystalline ori-
entation. Despite the poorer temperature control, resistive heating hence produces a
much more reproducible crystal quality and graphene orientation, as it allows for an
increased growth temperature closer to the melting point of Ge over longer periods
of time.
In both UHV systems, the base pressure was below 1 · 10−10 mbar in order to fa-
cilitate graphene growth on the clean Ge surface. The doped Ge crystals (n-doping
with Sb yielding a resistivity of 0.35 Ω · cm) were cleaned by repeated cycles of Ar+-
sputtering (1.5 keV, p(Ar) = 5×10−5 mbar) and annealing to T = 890◦C, concluded
by a final cycle at lower sputter power 0.8 keV and p(Ar) = 1 × 10−5 mbar before
finishing off with two short flashes to T = 890◦C.
Due to the low catalytic activity of the Ge surface, graphene was grown my means
of atomic C deposition onto the hot Ge(110) surface (T = 870 − 890◦C) from a
carbon sublimation source (SUKO by Dr. Eberl MBE-Komponenten GmbH) at an
output power of P = 0.595 kW over the course of 75min at a maximum pressure of
2 × 10−9 mbar during C deposition. Samples requiring non-UHV transfer to other
work stations (LT STM lab, Raman spectroscopy setup, BESSY II, SPECS GmbH)
were transferred under N2 or Ar atmosphere to minimize surface contamination and
subsequently annealed to 700◦C in UHV before performing the desired measurement
procedures.

3.3 Low-energy electron diffraction (LEED)

Low-energy electron diffraction is a very common surface analysis tool to assess
the general quality of a crystalline surface [109, 110]. Due to the low energy of the
collimated, monochromatic electron beam (typically ranging from 20 to 500 eV), the
corresponding de Broglie wavelength is in the range of atomic lattice distances (λdB
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Figure 3.3 | LEED setup and construction of LEED diffraction spots. (a)
The LEED setup consists of a fluorescent, hemispherical screen with the crystal sur-
face at its centre. The incident low-energy electron beam is directed perpendicularly
at the sample surface, with backscattered electrons hitting the screen at particular
diffraction spots corresponding to reciprocal lattice vectors. (b) The periodicity of
the reciprocal lattice spots depends on the spacing of the reciprocal lattice rods as
well as the energy of the incident electron beam, as this determines the radius of
the Ewald sphere. Points of intersection between lattice rods and Ewald sphere are
visible on the screen as spots of bright intensity.

between 0.05 and 0.3 nm) and allows to resolve the crystalline structure of the top-
most few atomic layers. The contribution of multiple and inelastic scattering is of
very low intensity and can therefore be neglected.
The principle experimental setup consists of an electron gun that directs low-energy
electrons at the sample surface with perpendicular incidence, which are then scat-
tered off the crystal planes and diffracted towards a semi-transparent, fluorescent
hemispherical screen, at the centre of which the sample is positioned. The electrons
are accelerated towards the screen by a system of concentric grids, which screen the
electrons from the electric field produced by the high detector potential and sup-
press any background signal generated by inelastically scattered electrons. This is
schematically depicted in Fig. (3.3)(a).
Considering a quasi-2D crystal lattice, the corresponding reciprocal lattice vectors
are well-defined parallel to the direction of the direct lattice crystal surface, but
are arbitrary perpendicular to it. Hence the reciprocal lattice can be represented by
rods perpendicular to the sample surface (see Fig. (3.3)(b)). From this, the scattering
condition

~K‖ = ~k‖ − ~k0,‖ = ~G‖ (3.1)

can be inferred. Here, ~G‖ is a 2D reciprocal lattice vector and ~k0,‖ and ~k‖ correspond
to the incident and backscattered electron plane wave vector components, respec-
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tively.
The points of intersection of the scattered electron’s Ewald sphere with these recip-
rocal lattice rods fulfill the scattering condition and strongly depend on the energy
of the electron beam via the radius of the Ewald sphere |~k0| =

√
2mE/~. Due

to the spherical shape of both the Ewald sphere and the fluorescent screen, those
intersections directly correspond to the undistorted geometrical construction of the
reciprocal lattice vectors, assuming perpendicular incidence of the electron beam and
concentric positioning of sample and screen. Upon an increase in beam energy, the
diffraction spots move closer to the (00) spot, such that (00) can be easily identified
and higher order diffraction spots become visible on the screen.

3.4 Photoelectron spectroscopy (PES)

Photoelectron spectroscopy comprises a large arsenal of surface analysis tech-
niques, all related to the photoelectric effect which was originally observed by Hertz
in 1887 [111] and later explained from a quantum mechanical perspective by Ein-
stein [112]. When the surface of a sample is irradiated with light of sufficient energy,
electrons are excited from the surface and, provided they possess sufficient energy
to overcome the sample workfunction φ (4 − 5 eV for most metallic samples), they
can escape from the material into vacuum in all directions:

Ekin = hν − φ. (3.2)

3.4.1 Angle-resolved photoelectron spectroscopy (ARPES)

In the case of angle-resolved photoelectron spectroscopy (ARPES) [113–115], ki-
netic energy and momentum of the emitted electrons are measured with the help
of an electron energy analyzer, in order to deduce assumptions about the electronic
structure of the surface. Feasible monochromatized light sources for ARPES exper-
iments are either synchrotron radiation or gas discharge lamps. After emission from
the surface, the energy of the produced photoelectron is determined with respect
to its momentum ~p = ~ ~K, assuming an absolute value of p =

√
2mEkin and an

orientation along the polar (ϑ) and azimuthal (ϕ) angle given by

Kx = 1
~
√

2mEkin sinϑ cosϕ

Ky = 1
~
√

2mEkin sinϑ sinϕ (3.3)

Kz = 1
~
√

2mEkin cosϑ,

which yields the following expressions for ~K‖ = ~Kx + ~Ky and ~K⊥ = ~Kz in the
vacuum [114]. With the knowledge of the wave vector components ~K and kinetic
energy Ekin of the photoelectron in the vacuum, the next step is to infer the relation
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Figure 3.4 | Principle of photoelectron spectroscopy. (a) Energy and mo-
mentum of photoelectrons inside the sample and in the vacuum after emission are
directly related to one another. While the momentum components parallel to the
surface are preserved, the momentum vector aligned with the flat surface normal is
no longer a meaningful physical quantity, due to the breaking of translational sym-
metry in z direction at the surface. (b) Schematic depiction of simplified three-step
model of the photoemission process. (c) Origin of peaks in PES spectra resulting
from bands and energy levels of the crystal under investigation.

of ~k and the binding energy Ebin inside the solid via

Ekin = hν − φ−|Ebin| (3.4)

~p‖ = ~~k =
√

2mEkin · sinϑ. (3.5)

While the component of the momentum parallel to the surface ~p‖ is governed by total
energy and momentum conservation laws, the component normal to the surface
~p⊥ is not conserved due to a breaking of translational symmetry at the surface.
The discussed wave vectors are depicted in Fig. (3.4)(a) to provide more clarity. In
contrast to ~k‖, the wave vector ~k⊥ is not a good quantum number close to the crystal
surface, so another means to determine ~k⊥ from ~Kz is required in order to obtain
E(~k) and assess the electronic structure of the crystal.

There are several different techniques to determine a sound expression for the final
energy Ef (~k) after photoelectron excitation, ranging from bandstructure calculations
to approximation by a nearly free electron description of the final bulk Bloch states

Ef (~k) = ~~k2

2m−|E0| =
~(~k2
‖ + ~k2

⊥)
2m −|E0|, (3.6)

where E0 denotes the bottom of the parabola that defines the valence band. This
allows to express ~k⊥ in terms of the inner potential V0 =|E0|+ φ

~k⊥ = 1
~

√
2m(Ekin cos2 ϑ+ V0). (3.7)



3.4 Photoelectron spectroscopy (PES) 53

By varying the incident photon energy it is possible to detect a periodicity in the
dispersion E(~k⊥) along the surface normal and thus find a value for V0. Another
convenient solution is available for low-dimensional systems that exhibit a negligible
dispersion along the surface normal. The resulting dispersion is then a matter of
deducing ~kx and ~ky from their contributions to ~K‖, as these constitute the dominant
influence on the energy dispersion E(~k) of the system.
A typical procedure to address photoemission is the three-step model that splits the
whole process in three distinct intervals: (i) the optical excitation of an electron in
the bulk from an incident photon, (ii) the propagation of said electron to the sample
surface and (iii) the escape of the photoelectron from the crystal into the vacuum.
Fig. (3.4)(b) schematically summarizes the process. The measured photoemission in-
tensity is thus a product of those three independent terms: the total probability for
the optical transition from Ei to Ef, the scattering probability for the propagation
distance from excitation site to the sample surface (determined by the effective mean
free path) and the transmission probability of the produced photoelectron through
the surface potential barrier dependent on electron energy and work function of the
material [113,114].
During the first step of this three-step model, the transition probability wfi from
states Ei to Ef will change during the process, as the system itself will relax. A
so-called sudden approximation of the process is used for a simplified description
that assumes no post-collisional interaction between the photoelectron and the re-
maining system, thus a direct ejection of the electron from the crystal. However, this
approach only works well for high kinetic energies, as the propagation time for low
energy electrons might be too long compared to the system response time [113].
Depending on the electronic structure of the material under investigation, a pho-
toelectron spectrum is acquired with the help of an electron energy analyzer and
shows different distinct features. The core levels as well as the valence band show
pronounced photoemission intensity up to the Fermi level. Both these features lie
on top of a background generated by secondary electrons, the original binding en-
ergy of which can not be reconstructed due to inelastic scattering processes. This
background is strongest for low kinetic energies, as demonstrated in Fig. (3.4). The
binding energies can then be derived from this spectrum by

Ekin = hν − φ−|Ebin|, (3.8)

where φ denotes the work function of the energy analyzer [114]. Furthermore Auger
processes accompanying the relaxation of excited core level electrons may contribute
to the PES spectrum. However, their energy in the spectrum is related to the kinetic
energy rather than the binding energy, so these processes can be distinguished by
varying the photon energies.
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Figure 3.5 | Schematic depiction of ARPES setup. Photoelectrons produced
by irradiation of the sample with high-energy, typically x-ray or ultraviolet light
(10 − 2000 eV) are focused onto the analyzer entrance slit by electrostatic lenses,
then travel trough the hemispherical analyzer depending on their momentum and
energy and are subsequently recorded at the detector after the exit slit to obtain the
angle-resolved electronic energy dispersion. Decreasing the entrance and exit slits
improves the resolution, as the acceptance angle is decreased, however, at the cost
of signal intensity.

A typical PES setup consists of a sufficiently monochromatized light source focused
on the sample and an electron energy analyzer that collects the photoelectrons emit-
ted from the crystal surface as schematically displayed in Fig. (3.5). A conventional
analyzer consists of a hemispherical deflector with variable entrance and exit slits, a
multielement electrostatic input lens and an electron detector (typically a channel-
tron or a multichannel detector). Two concentric hemispheres of radius R1 and R2

make up the deflector, which is held at a potential difference ∆V , in order to select
electrons with kinetic energies in a particular energy range centered at

Epass = e∆V
R1
R2
− R2

R1

. (3.9)

Only electrons within this energy range will pass through the exit slit and be recorded
by the electron detector. The energy resolution of the analyzer is thus

∆Ea = Epass

(
w

R0
+ α2

4

)
(3.10)
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with R0 = (R1 +R2)/2, w the effective combined width at the entrance and exit slit
and α the acceptance angle of the analyzer. In order to achieve sufficient angular
resolution, however, the energy resolution has to be compromised. From Eq. (3.3)
an expression for the in plane component of the wave vector can be inferred

∆~k‖ =
√

2mEkin
~2 · cosϑ ·∆ϑ. (3.11)

Here ∆ϑ represents the finite acceptance angle of the electrostatic lens that decel-
erates and focuses the photoelectrons onto the entrance slit [113,114].

3.4.2 Electron energy loss spectroscopy (EELS)

Electron energy loss spectroscopy is a well-established surface sensitive analysis
technique that allows to identify the energy of characteristic intra- and interband
transitions as well as plasmon excitations at the surface. Both bulk and surface
properties of the sample can be addressed with this method. In the course of this
thesis, EELS measurements were carried out in a specularly reflected geometry with
angular and energy resolution of 1◦ and ≈ 1 eV, respectively. The energy of the pri-
mary electron beam oriented at the sample surface is in the range of 0.1 − 1 keV
and is marked in every spectrum. Those primary electrons are then either elastically
scattered, thus preserving their primary energy, or they interact with the oscillating
dipoles at the surface and lose energy to excitations characteristic of the vibrational
energetic transitions of the substrate. The scattered electrons are subsequently de-
tected by an energy analyzer that reflects said energy losses in the obtained spectrum
as peaks of high intensity. The setup of such an EELS experiment is schematically
depicted in Fig. (6.15)(b), next to characteristic spectra of the graphene/Ge(110)
system.

3.5 Computational methods

As statements inferred from experiment about the electronic structure of complex
systems are only possible to a limited extent, they commonly require the support
of theoretical calculations to assess their validity. The two major computational
methods to investigate the electronic nature in condensed matter physics are tight-
binding and density functional theory calculations. As both approaches are employed
as auxiliary methods for the systems investigated in this thesis, a quick overview
concerning their basic principles and assumptions is provided in the appendix.
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4 | Signatures of electronic
confinement in realistic graphene
nanoflakes

Following the exfoliation of graphite monolayers in 2004 [8], graphene has at-
tracted considerable interest as a promising material for future electronic [1, 2] and
spintronic [116,117] applications, attempting to utilize its high charge carrier mobil-
ity as well as its peculiar dispersion relation [47]. As a constriction and down-scaling
of such devices has a tremendous effect on the electronic bandstructure [2,45,47,118],
the prospect of engineering several new properties has motivated scientists around
the globe to pursue fabrication of graphene nanoribbons [12, 36, 39, 119–128] or
nanoislands [45, 46, 65, 72, 129–133] with different edge terminations and locally
induced defect sites, adatoms and impurities. In the case of armchair graphene
nanoribbons, the desperately sought after possibility of creating a tunable bandgap
in graphene has been proposed and experimentally demonstrated for special rib-
bon configurations [134–138] enabling fundamental research for future applications.
Albeit lacking a bandgap in the graphene π bands, zigzag graphene nanoribbons
have been shown to exhibit strongly localized edge states, possibly leading to edge-
induced magnetism [139–144]. Approaches in designing graphene nanostructures in-
clude etching and lithography techniques, yielding graphene nanoribbons and nano-
junctions of variable geometry [119–121]. Alternatively, atomically precise graphene
nanostructures can be directly fabricated using epitaxial growth or bottom-up as-
sembly techniques [39,45,65,122].
With regard to the electronic transport through graphene nanoribbons, the effect of
impurity scattering and edge disorder becomes an important issue. A powerful tool
to examine the quasiparticle interference (QPI) effects due to scattering at defects
and edges is scanning tunnelling microscopy and spectroscopy [17, 65, 145–148]. As
presented in Section 2.2.3, the observed QPI is directly related to modulations in the
local density of states [90,95] and provides extensive insight in the present scattering
vectors ~q and thus the electronic structure of the system under investigation. The
interplay between single impurity scattering and size quantization generates charac-
teristic spectral features in the Fourier Transform (FT) LDOS that can be related to
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the transverse modes of the nanoribbons and other spatially confined structures [47].
This chapter summarizes and contrasts experimental observations obtained on ex-
tended graphene flakes and confined ribbon-like structures, published by Tesch et
al. [46, 47] and extends the analysis to different geometries and edge configura-
tions. This comprehensive study of size quantization effects in epitaxial graphene
nanoflakes on noble metal surfaces combines the analysis of quasiparticle scattering
obtained by STM with tight-binding simulations of realistic model flakes performed
by T. Löfwander and A. Bergvall1 [47]. Structural details on the topography and
charge density of graphene/Ag(111) and graphene/Au(111) are supported by DFT
calculations carried out by E. Voloshina2 and L. E. Marsoner Steinkasserer3 [46].

4.1 Structural and electronic properties of extended graphene
layers and large graphene flakes

In order to fully understand the scattering features related to quasiparticle con-
finement and impurity scattering, the electronic properties of extended graphene
sheets as well as their interaction with the surrounding materials have to be thor-
oughly investigated. While graphene is rather well decoupled on semimetallic and
insulating substrates, such as graphene/HOPG [149, 150], graphene/SiO2 [151, 152]
and graphene/SiC [17,106,147,153], the system becomes drastically more complex in
the case of graphene on metal substrates, due to the strongly contributing DOS of the
underlying support. This is highlighted by the large number of publications in part
speculatively interpreting QPI in graphene quantum dots on a metallic support, e.g.
Ir(111), as a signature of Dirac fermion confinement rather than surface state reso-
nances of the underlying metal shifted due to the presence of graphene [65,129–131].
The system of graphene on two noble metal (111) surfaces, Ag and Au, serves to
illustrate the observed features of graphene on weakly interacting metal substrates,
prior to a consideration of purely impurity scattering related or size quantization
effects. In this section, the impact of graphene on the metal surface state is discussed
as well as the interactions altering the bandstructure of large freestanding graphene
flakes.

4.1.1 Pseudospin considerations

As mentioned in Chapter 1, the bipartite honeycomb lattice of graphene gener-
ates an additional degree of freedom, the so-called pseudospin, in its BZ that can be
visualized by a different spin texture of the resulting inequivalent Dirac cones posi-
tioned at the K and K ′ points. This has a fundamental influence on the available
1 Department of Microtechnology and Nanoscience-MC2, Chalmers University of Technology, SE-

412 96 Göteborg, Sweden
2 Humboldt-Universität zu Berlin, Institut für Chemie, 10099 Berlin, Germany
3 Institut für Chemie und Biochemie, Freie Universität Berlin, 14195 Berlin, Germany
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Figure 4.1 | Pseudospin conservation in quasiparticle scattering of mono-
and bilayer graphene. (a) In monolayer graphene, backscattering at smooth de-
fect potentials within one valley is suppressed, as it would violate pseudospin con-
servation. (b) In bilayer graphene, on the other hand, a ring-like scattering contour
is observed in the FT-LDOS, due to the significantly different pseudospin texture of
the low-energy Dirac cone. (c) Azimuthal variation of the scattering intensity along
the intervalley scattering contour in the FT-LDOS. Images adapted from [106].

scattering vectors, as it adds more constraints on the likely scattering processes. The
basis of such suppressed transitions is briefly touched on in Fig. (2.9)(b), but will
be discussed in more detail in the following paragraphs.
Due to the chiral nature of graphene quasiparticles, the bandstructure exhibits an
additional fermionic pseudospin texture, which is locked parallel or antiparallel to
the momentum direction with respect to the K and K ′ position, respectively. This
relates to the phase between the two sublattice components of the wavefunctions
and strongly impacts scattering in the low-energy regime in the vicinity of the Dirac
point [93,106,154,155]. Scattering at smoothly varying potentials allows to identify
the two predominant scattering processes, namely intra- and intervalley scattering
that denote transitions within one valley or between two neighbouring valleys, re-
spectively [91,106,107]. Since intravalley backscattering at a defect would require a
violation of pseudospin conservation forcing a pseudospin-flip [106,147], this process
is suppressed in a single graphene layer. The absence of intravalley scattering features
may therefore be exploited to identify monolayer and bilayer graphene [106,154], as
the latter exhibits a vastly different pseudospin texture and thus scattering vectors
displayed in Fig. (4.1).
The breaking of AB sublattice symmetry at localized impurities acting as a sharp
potential, such as point defects [154], rotational grain boundary defects [156] and
adatoms [157, 158], however, further alter the electronic structure, thereby relaxing
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(a) (b) (c) (d)RT 1100-1345°C 400-500°CRT

Figure 4.2 | Fabrication routine of graphene on noble metals. (a–b) Tem-
perature programmed growth of graphene on Ir(111) from ethylene adsorbed at room
temperature and annealed to 1345◦C. (c) Deposition of a thick (≈ 7 nm) layer of
Ag or Au. (d) Intercalation of the noble metal layer between graphene flakes and
Ir(111) crystal at ≈ 450◦C.

pseudospin conservation. Those atomically sharp scatterers produce features in the
FT-LDOS visible as a contour-less spot of scattering intensity generated by standing
waves decaying proportional to 1/r2 [90, 107] off the defect site.
Another effect of pseudospin observed in extended graphene sheets is the azimuthal
variation of scattering intensity of intervalley scattering contours. The intervalley
scattering contour visible in the FT-LDOS is also produced by Friedel oscillations
extending away from scatterers and decaying as 1/r. As depicted in Fig. (4.1)(c),
the intensity changes along the contour, producing nodes of virtually zero intensity
at the intersections with a line perpendicular to the ΓK direction, passing through
the center of the contours. This effect has been confirmed by pseudospin dependent
JDOS calculations as well as experimental observations of graphene monolayers on
SiC(0001) [106,107,147].

4.1.2 Fabrication of extended epitaxial graphene flakes on Ag(111) and
Au(111)

Due to the limited catalytic activity of both Ag(111) and Au(111) surface, gra-
phene nanoflakes were grown in a well-controllable manner on clean Ir(111) single
crystals, which were prepared according to the routine presented in Chapter 3.2.
TPG is a special variety of chemical vapour deposition, thus denoting growth of
graphene from gaseous hydrocarbons on a hot, catalytic crystal surface. Graphene
flake sizes can be controlled by careful adjustment of the growth parameters, such
as pressure, exposure time and annealing temperature as well as the number of
performed TPG cycles. Depending on the desired graphene coverage and flake size,
graphene nanoflakes were fabricated with one or two cycles of TPG by ethylene
exposure to 6.8 Langmuir at room temperature and subsequent annealing for 25 s
with the temperature rising from 1100◦C to 1345◦C in order to crack the hydrocar-
bon bonds and facilitate graphene growth from the gaseous precursors rather than
carbon segregating from the bulk [45, 46]. Between two cycles of TPG, the crystal
was allowed to cool to room temperature, in order to maintain the same sticking
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Figure 4.3 | Atomic structure and moiré unit cell of graphene/Ag(111).
(a) Atomically resolved STM topography exemplarily depicted for gra-
phene/Ag(111). The high-symmetry sites of the moiré unit cell, atop, fcc and
hcp, are marked within the lozenge-shaped cell. In comparison, the structure of
graphene/Au(111) is presented in [46]. (b) DFT simulated STM image of the
(7 × 7)/(6 × 6) graphene/Ag(111) system. (c) Structural top and side view of gra-
phene/Ag(111). Imaging parameters: VT = 0.1V, IT = 1500pA, T = 11.0K.

coefficient. Graphene flakes grown in two cycles then coalesce or serve as nucleation
sites for extending graphene growth in subsequent cycles. As graphene growth on
Ir(111) is self limiting, the maximum coverage is achieved for a full monolayer.
Following this procedure, Au or Ag (≈ 70Å) was evaporated from a Knudsen ef-
fusion cell onto the heated substrate at 450◦C (resistive heating). The evaporation
rate of the metal was previously determined using a quartz microbalance and later
confirmed in STM by measuring the height of the metal terraces on top of Ir. Sub-
sequently, the sample was further annealed for 30min leading to an intercalation of
the noble metal between the graphene flakes and the underlying Ir substrate, thus
resulting in the formation of the graphene/Ag(111)/Ir(111) system [44,45].

4.1.3 Moiré corrugation and atomic structure

Structural properties of graphene/Au(111) and graphene/Ag(111) were studied
by means of STM at the atomic scale and compared with the results of DFT calcula-
tions. Fig. (4.3) shows an atomically resolved STM image of (a) graphene/Ag(111) in
comparison to the corresponding simulated STM image (b). Top and side view of the
DFT optimized structures for graphene/Ag(111) are shown in (c), while the herring-
bone separated fcc and hcp structure of graphene/Au(111) can be reviewed in the
publication by Tesch et al. [46]. Moiré structures with the periodicity of 16.4Å and
17.0Å for Ag(111) and Au(111), respectively, are observed in STM due to the lattice
mismatch between graphene and metal(111) surface [15.8% for graphene/Ag(111)
and 14.7% for graphene/Au(111)]. In Fig. (4.3), the R0 structure is considered, in
which the metal [1 1 2] direction is parallel to the graphene [1 1 0 0] direction. The
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experimental and calculated STM image clearly demonstrates all high-symmetry
positions of the moiré supercell [34] and these sites are marked by the respective
symbols in Fig. (4.3)(a–b) (ATOP – dashed circle, HCP – square, FCC – star). For
a broad bias range, graphene on Ag(111) is imaged in the direct contrast, whereas
graphene on Au(111) is imaged in the so-called inverted contrast for the low bias
voltages facilitating atomically-resolved imaging. In the latter case, the ATOP po-
sitions of the moiré structure are imaged as dark spots and other sites are brighter
in the STM images. A similar effect was found also for the graphene/Ir(111) sys-
tem and here this effect was assigned to the spatially moiré-modulated interaction
that leads to the formation of sites in the graphene moiré structure, where interface
states are formed responsible for the observed STM imaging contrast [69, 159]. In
addition, graphene/Au(111) shows a herringbone reconstruction with a corrugation
of 17±1 pm of the graphene-covered Au(111) surface which remains intact upon gra-
phene adsorption. The switching of the Au surface stacking across Shockley partial
dislocation lines from Au fcc to Au hcp areas brings about a permutation in high
symmetry moiré sites leading to a discontinuous moiré superstructure across the
herringbone reconstruction lines. However, the graphene/Au(111) moiré structure
itself does not depend on the metal stacking underneath (fcc or hcp), which can be
assigned to the extremely weak interaction at the interface in this system [46].

DFT calculations yield an almost flat graphene layer in both systems. The corre-
sponding binding energies (in meV/atom) and graphene-metal distances (in Å) calcu-
lated within DFT-D2 or DFT-D3 approaches are presented in Table (4.1). Extracted
graphene corrugations, calculated as (zmax,C − zmin,C), are 9.9 pm and 10.8 pm for
graphene/Au(111) and graphene/Ag(111), respectively. These values are very close
to the ones of the moiré corrugation of 4±1 pm and 6±1 pm, respectively, obtained
from STM experiments. In order to take into account the presence of the herringbone
reconstruction, two absorption configurations - graphene/Au fcc and graphene/Au
hcp were considered in the DFT calculations [46]. Both configurations yielded al-
most identical values for the graphene-metal distance and adsorption energy. All
presented results thus refer to the graphene/Au fcc adsorption configuration.
As inferred from the DFT calculations [46], in the graphene/Au(111) system, the
difference electron density ∆ρ distribution is rather similar to the one for gra-
phene/Ir(111) [69,160], where a charge accumulation (depletion) on the metal (gra-
phene) is observed. In this system, graphene is weakly bonded to the metallic
Au(111) substrate and it is p-doped. The situation for graphene on Ag(111) is op-
posite to graphene/Au(111) and the resulting charge distribution is similar to the
one for the graphene/Cu/Ir(111) system [161] with the charge depletion (accumu-
lation) on metal (graphene). Graphene thus becomes n-doped after its adsorption
on Ag(111) and in this case also the bond-like states are formed at the HCP and
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Table 4.1 | Calculated adsorption energies (Eads, in meV/C-atom), equilibrium
distances between graphene and metal (dgr/met, in Å) and position of Dirac point
(ED, in eV) in graphene/Ag(111) and graphene/Au(111) as obtained with PBE-D2.
Two supercell sizes are considered. In addition, the corresponding PBE-D3 results
are given in parenthesis [46].

graphene/Ag(111) graphene/Au(111)

(2× 2) (7× 7) (2× 2) (7× 7)

EPBE-D2
ads −94.90 −94.24 −114.18 −113.71

(EPBE-D3
ads ) (−74.34) (−73.28) (−78.24) (−77.84)

dPBE-D2
gr/met 3.13 3.12 3.23 3.22

(dPBE-D3
gr/met ) (3.31) (3.29) (3.36) (3.37)

EPBE-D2
D −0.53 +0.05

(EPBE-D3
D ) (−0.41) (+0.17)

FCC positions of the graphene/Ag(111) moiré structure similar to the graphene/Cu
interface.

4.1.4 Surface state shift

Figure (4.4)(a–b) and (d–e) show the experimentally obtained topographic and
dIT/dV images with clearly visible standing wave patterns both on bare and gra-
phene-covered noble metal surfaces. Using FFT, these scattering wavelengths can be
identified as backscattering of the noble metal surface state and evaluated quanti-
tatively at different bias voltages. This allows to disentangle the contributions from
surface state and Dirac fermion scattering, as the position of features in reciprocal
space or in the FT-LDOS is distinct. Surface state backscattering can be observed
around the centre of the FT-LDOS map, while scattering due to graphene quasipar-
ticles creates signatures at the (

√
3×
√

3)R30◦ position with respect to the atomic
lattice spots, as discussed in the next section [45, 46, 91, 106]. The corresponding
dispersions of the surface states of Au(111) and Ag(111) obtained from the areas
shown in the STM images, i.e. for both clean and graphene covered surface, are pre-
sented in Fig. (4.4)(g). These dispersion relations E(k) for the clean metal surfaces
are parabolic as expected for the surface states and are in good agreement with
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Figure 4.4 | Shockley surface state dispersion for pure and graphene-
covered Ag(111) and Au(111). (a) Topography of a large graphene flake on a
flat Ag(111) terrace. (b) dIT/dV map of the same region, exhibiting standing waves
produced by surface state quasiparticle backscattering at defects and edges. For
different bias voltages see Fig. (2.7). (c) Zoom onto the scattering feature centred
at ~q = 0, once exhibiting only the surface state on pure Ag, while both regions
locally contribute to the pattern in the lower image. (d) Topographic image of a
large graphene flake on Au(111). (e) Corresponding dIT/dV map. (f) Two distinct
scattering radii in the FT-LDOS, arising locally from graphene-covered and clean
Au(111) region, as can be identified from spatially selected FFT. (g) Resulting
parabolic dispersion relation for graphene-covered and pure Ag(111) and Au(111).
A clear surface state upward shift is observed for both noble metals upon adsorption
of graphene. Imaging parameters: (a) VT = 0.5V, IT = 200pA, (b) VT = 0.325V,
IT = 750pA, Vmod = 5mV, fmod = 789.4Hz, T = 10.0K, (d) VT = −0.45V,
IT = 600 pA, (e) VT = −0.13V, IT = 600 pA, Vmod = 4mV, fmod = 665.0Hz,
T = 8.3K.

previously published ARPES and STS data for Au(111) and Ag(111) [88,162–167].
The observed energy shift for the surface state band minima compared to the values
reported for single crystals [168, 169] is attributed to the strain in the noble metal
thin films [170, 171] and is subject to slight variations across the sample. For the
regions of metal surfaces covered by graphene, the energy dispersions for the surface
states display a similar parabolic dependence, but with the band minima shifted
further upwards in energy with respect to the ones for the clean surfaces. This effect
is explained by the stronger localization of the surface state wave function upon
physisorption of a graphene layer on the metallic substrate. Such localization leads
to the increased Pauli repulsion for these states and the corresponding increase of
the energy of the surface state [46]. Comparable effects were also observed for the
adsorption of atomic and molecular species [172,173] as well as layered materials, i.
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Table 4.2 | Binding energies E0 and normalized effective mass m? of Au(111) and
Ag(111) with and without graphene coverage obtained from QPI maps.

E0 (eV) m?/m0

Au(111) −0.41± 0.02 0.26± 0.02
graphene/Au(111) −0.32± 0.02 0.27± 0.02
Ag(111) +0.04± 0.02 0.39± 0.03
graphene/Ag(111) +0.22± 0.01 0.40± 0.02

e. h-BN [174] or graphene [72,131], on noble metal surfaces.
Possible hybridization effects between metal d and graphene π states may, however,
lead to a slightly shorter distance between graphene and metal, compared to the
distance if only van der Waals interaction is considered. Such a reduction of the
separation between graphene and noble metal will then lead to an even stronger
localization of the surface state wave function, giving a small correction to the po-
sition of the band minimum. A quadratic fit of the obtained data points, as plotted
in Fig. (4.4)(g), allows to obtain the position of the band minimum as well as the
effective mass of charge carriers for the pure Au(111) and Ag(111) surfaces and for
graphene covered Au(111) and Ag(111) as summarized in Table (4.2). It can be
concluded from the behaviour of the surface state electrons, which does not change
substantially upon the presence of the graphene layer, that the interaction between
graphene and the Au(111) or Ag(111) surfaces is rather weak [46].

4.1.5 Dirac fermions of extended graphene flakes

Along with the scattering circles of the Shockley surface state, additional fea-
tures arising from scattering solely within the graphene flake are observed within the
FFTs [46]. These graphene-related features can be assigned to two specific backscat-
tering processes: scattering between two neighbouring Dirac cones (intervalley) and
scattering within a single Dirac cone (intravalley) [45,46,91,106]. In the FFT images,
intravalley ring-like structures appear at ~q = 0 and around the atomic spots, while
intervalley scattering rings are found at the (

√
3×
√

3)R30◦ positions as described in
Chapter 1 and 2.2.3. As pointed out previously, in infinite, perfect graphene layers
intravalley scattering is suppressed due to the conservation of pseudospin [91,106].
In the case of graphene/Au(111), the Au surface state scattering circle is still rather
pronounced in the FT-LDOS within the measurement range of the electronic disper-
sion relation of graphene, whereas for graphene/Ag(111) the surface state is shifted
towards the unoccupied states, therefore not being visible in the acquired bias volt-
age interval. The opening of a band gap in graphene at the Dirac point, as observed
in ARPES measurements [175], lies outside the measurement range and can hence
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Figure 4.5 | Quasiparticle interference in an extended graphene sheet.
(a) STM topography of a large graphene covered Ag(111) terrace exhibiting gra-
phene/Ag(111) moiré and a typical screw dislocation in the substrate surface. (b)
Atomically resolved dI/dV mapping of the area highlighted in (a). (c) FFT of the
conductance map. Intra- (i) and intervalley (ii-iv) features. Zooms onto areas (i-iv)
of the FFT are depicted in the bottom left. (d) Line profile across an intervalley
scattering contour, highlighting the absence of scattering vectors producing intensity
inside the contour for extended flakes in comparison to confined graphene structures.
Imaging parameters: (a) VT = −0.2V, IT = 600pA, (b) VT = −0.02V, IT = 600pA,
Vmod = 3mV, fmod = 687.0Hz, T = 5.3K.

not be investigated further, as sufficient scattering intensity is only obtained within
the energy window of ±150 meV around EF for reasonably small modulation volt-
ages.
While the scattering features in the FFTs of graphene on Au(111) appear to be al-
most circular [176], the corresponding features on Ag(111) show a trigonal warping
indicative of a larger energy shift of the Dirac point with respect to the Fermi energy.
This effect leads to an enlargement of the structures visible within the FFT, thus
increasing evaluation precision, but also yielding variation of the Fermi velocity vF
depending on the direction in ~k-space. Plotting the measured scattering vectors ver-
sus the energy, the electronic dispersion relation for graphene on both noble metals
can be traced from occupied to unoccupied states [46]. This is exemplarily depicted
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Linear fits to the experimental data in the low-energy regime are used to extra-
polate the position of ED (solid lines). (b) Calculated energy band dispersions of
graphene/Ag(111) and graphene/Au(111) for the (2× 2) structures.

for an extended graphene flake (≈ 250 nm in diameter) on Ag(111) in Fig. (4.5),
making use of the improved visibility of large intervalley CECs. As proposed for
extended graphene layers and large graphene flakes, no intravalley scattering ring
is observed, but rather a rapidly decaying scattering intensity around ~q. Intervalley
scattering can be readily observed as a trigonally warped, empty contour at the
(
√

3×
√

3)R30◦ position. The azimuthal intensity along the contour varies according
to Mallet et al. [106], which is depicted in Fig. (4.5)(c–d). Inside the ring, the scat-
tering intensity drops to the level of the background, as highlighted in Fig. (4.5)(e),
which is shown in comparison to confined structures, discussed in the following sec-

Table 4.3 | Dirac point ED and Fermi velocity vF of graphene on Au(111) and
Ag(111).

ED (eV) vF (m/s)
graphene/Au(111)exp +0.24± 0.07 (1.2± 0.2) · 106

graphene/Ag(111)exp −0.56± 0.08 (1.0± 0.2) · 106

graphene/Au(111)DFT-D2 +0.05 0.8 · 106

graphene/Ag(111)DFT-D2 −0.54 0.8 · 106

graphene/Au(111)DFT-D3 +0.19 0.8 · 106

graphene/Ag(111)DFT-D3 −0.41 0.8 · 106
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tion.
The experimentally obtained values of ED and vF extracted from the plotted disper-
sions are compiled in Table (4.3) together with the theoretical values obtained from
the fit of the calculated band dispersions shown in Fig. (4.6) for both systems [46].
In the case of graphene/Au(111), the energetic position of the Dirac point extrapo-
lated from the experimental data fits better to the theoretical result obtained with
PBE-D3. For graphene/Ag(111) both functionals yield a fairly reasonable agreement
in terms of the position of the Dirac point. However, the PBE-D2 method delivers a
value which is slightly closer to the experimentally determined one, thus being more
appropriate for the graphene/Ag(111) system. The possible discrepancies between
experimental and theoretical values may be attributed to a slight over-binding in
the DFT-D2(D3) model, leading to a different graphene-metal distance. Graphene-
metal distances of 3.13Å (3.31Å) and 3.23Å (3.36Å) have been determined for
graphene/Ag(111) and graphene/Au(111), respectively, within the PBE-D2 (PBE-
D3) approaches. As this length plays a crucial role in estimating the doping level, the
obtained DOSs and band structures may be reproduced following further adjustment
of this parameter [46].

4.2 Confinement in graphene nanoribbons (GNRs)

4.2.1 General properties of GNRs

If an infinite sheet of graphene is cut into the shape of a ribbon, its electronic
properties will strongly depend on the direction, in which it is cut. The two most
commonly observed high-symmetry configurations are named after the shape of the
edge termination, i.e. zigzag (zz) and armchair (ac) GNRs, i.e. ZGNRs and AGNRs,
presented in Fig. (4.7). Any cuts in other random sheet directions will result in the
formation of a mixed edge structure, constructed from segments of armchair and
zigzag edges.
While the length of the ribbon L is assumed to be infinite, the width of the ribbon
W has a crucial impact on the shape of the electronic bandstructure. This is well
visible in the case of AGNRs, as they exhibit an opening of a band gap at the
K point scaling inversely with the ribbon width W , thus opening the door to a
plethora of electronic applications employing band gap engineering. ZGNRs, on the
other hand, have been theoretically predicted to produce localized edge states, which
might lead to fascinating magnetic and transport properties. However, such localized
zero-energy states are not expected for AGNRs.
In order to derive the electronic properties from the tight-binding Hamiltonian, the
zigzag direction is fixed along the x-direction without loss of generality, thus resulting
in the armchair direction at an angle of 30◦ from the x-axis.
The ribbon wavefunction is composed by multiplying the momenta of the two
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Figure 4.7 | Graphene nanoribbon orientation determined by the narrow
edge termination. (a) Schematic depiction of an armchair graphene nanoribbon
with parallel edges of infinite length L and regular width W . (b) Representation of
a zigzag graphene nanoribbon with width W and infinite length L.

inequivalent points K and K ′ arising from the two sublattices A and B, i.e. by
constructing the envelope functions

Ψν(~r) = [ψνA(~r), ψνB(~r)], (4.1)

which satisfy the Schrödinger equation

Hν(~k)Ψν(~r) = E(~k)Ψν(~r) (4.2)

in the low-energy limit [177,178]. Here ν = ±1, which corresponds to the K and K ′

points, respectively. The Hamiltonian is given by

Hν =
(

0 kx − iνky
kx + iνky 0

)
, (4.3)

where ~k is defined as the separation from the K = 2π
aG

(1
3 ,

1√
3) and K ′ = 2π

aG
(2

3 , 0)
points in reciprocal space. Depending on the edge configuration, different boundary
conditions have to be fulfilled when solving this problem. Due to the comparably
simpler bandstructure derivation, armchair GNRs serve as a basis to investigate the
impact of confinement on the electronic properties, which is later extended to zigzag
GNRs as well as ribbons or flakes with random edge configuration.
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Figure 4.8 | Construction of the AGNR bandstructure. (a) Projection of the
graphene bandstructure onto slices along the ac direction depending on the ribbon
width. (b) Depiction of the GNR bandstructure for various ribbon widths, N = 5,
N = 6 and N = 29. Depending on the criterion N = 3m − 1, a band gap emerges,
thus producing semiconducting or metallic AGNRs.

Armchair GNRs (AGNRs)

As the bandstructure of AGNRs is strongly width dependent, the derivation of
its electronic properties considers the number of dimer lines N framed by parallel
rows of single hydrogen atoms linked at the dangling bonds of the ac edges (see
Fig. (4.7)(a), in order to avoid any additional contribution of electronic states close
to EF [44, 49,118,134,177,178]. The ribbon width is thus defined as

W = (N + 1)a2 , (4.4)

where a denotes the graphene lattice constant. It furthermore determines, whether
the AGNR is metallic or semiconducting, as for particular values N = 3m − 1,
m ∈ N, the bottom of the conduction band and the top of the valence band meet
at ka = 0, thus producing a metallic electronic structure. Other values of N yield
semiconducting AGNRs with a band gap width depending strongly on N . For very
large N , the limiting case of an extended graphene sheet with a zero band gap is
reached.
The energy bands observed for AGNRs are calculated following the derivation by
Ref. [49] and substituting the boundary conditions

ψ0,A = ψ0,B = ψN+1,A = ψN+1,B = 0 (4.5)

in Eq. (4.2), as the wavefunctions vanish at the hydrogen atom sites, located at
y = 0 and y = W . For the sake of simplicity, the lattice constant is set to unity. Here
ψm,A and ψm,B denote the individual wavefunctions at the m-th site of the A or B
sublattice, respectively, thereby constituting the set of wavefunctions Ψ. Solving this
boundary value problem analytically yields an expression for the energy [49, 179],
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i.e.

Es = st

√
1 + 2εp cos k2 + ε2p, (4.6)

where t denotes the hopping energy introduced in Chapter 1, s = ±1 represents
the conduction and valence energy bands, respectively, and εp = 2 cos p. The energy
spectrum is depicted in Fig. (4.8) for different ribbon widths, illustrating both metal-
lic and semiconducting configuration. The transverse wavenumber p is obtained from
the transcendental equation, i.e.

p = nπ

N + 1 , (n ≤ N) ∈ N+. (4.7)

The corresponding wavefunctions at the A and B sublattice sites are then given by(
ψm,A

ψm,B

)
= Nc

−s√εp + e−ik/2√
εp + eik/2

 sin (mp). (4.8)

The factor Nc is a normalization constant derived explicitly by various Refs. [49,180].
The corresponding energy bandstructure resembles the dispersion of a conventional
extended graphene sheet, sliced into several separate bands depending on the width
of the GNR. The bandstructure of graphene is hereby projected onto continuous
bands running parallel to the ky-direction, within the range −π ≤ ky ≤ π, for
discrete transverse wave number p = kn. In the case of an emerging band gap, i.e. a
semiconducting AGNR, the band gap always opens at k = 0, yielding Es = s(1+ εp)
and thus an inverse proportionality with ribbon width.

Zigzag GNRs (ZGNRs)

The width of a zigzag GNR can be expressed in terms of zigzag rows running
along the ribbon’s main axis, such that the ribbon displayed in Fig. (4.7) corresponds
to N = 13. A stripe of 2N along the width of the ribbon constitutes the ribbon unit
cell. By geometrical consideration, the width of the ribbon is given by

W =
√

3
2 Na+ a√

3
. (4.9)

A peculiarity of the electronic structure of ZGNRs is the emergence of degenerate
states at ka = π, in contrast to the electronic structure inferred from an extended
graphene sheet [44, 49, 178–180]. As in the case of AGNRs, a strong ribbon width
dependence is observed, determining the flatness of the bottom and top of the con-
duction and valence band, respectively, between 2π/3 ≤|k| ≤ π. This particular
wavefunction is highly localized at the zigzag edge sites for ka = π and extends
inwards from the GNR edge transforming into an extended state at ka = 2π/3.
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Figure 4.9 | Construction of the ZGNR bandstructure. (a–c) Energy band-
structure and density of states of ZGNRs of different width, N = 4, N = 5 and
N = 30. (d) Charge density plots for the analytic solution of the edge states of
semi-infinite graphene with a zigzag edge, for k = π, k = 8π/9, k = 7π/9 and 2π/3.
Image adapted from Wakabayashi et al. [179].

Discriminating the electronic energy spectrum into extended states and the edge
states yields the following energy spectrum for the extended states

Es = s
√

1 + g2
k + 2gk cos (p), (4.10)

where gk = 2 cos(k/2) (see Fig. (4.9)). The transverse wave number p(k,N) now
exhibits an additional dependence on the longitudinal wave number k and is not
simply determined by the ribbon width. The associated wavefunction is given by(

ψm,A

ψm,B

)
= Nc

(
−s sin(p(N + 1−m))

sin(pm)

)
. (4.11)

up to a normalization constant Nc. The localized edge state, on the other hand,
is constructed by extending p → π(0) ± iη, for kLc < k < π (or π < k < kRc ,
respectively). The resulting energy spectrum of the edge state is thus

Es = s
√

1 + g2
k − 2gk cosh (η), (4.12)

with the respective wavefunctions(
ψm,A

ψm,B

)
= Nc e

iπm

(
eiπ(N+1) sinh(η(N + 1−m))

sinh(ηm)

)
. (4.13)

ZGNRs always exhibit a zero-gap bandstructure due to the two degenerate states
at k = π as presented in Fig. (4.9), however, the edge states can produce a gap at
2π
3 between the bonding and antibonding states extending from k = π [180].
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GNRs with mixed edges

As presented in the previous section, zigzag GNRs are largely characterized by
the presence of a strongly localized edge state, which also partially carries over to
more generalized edge structures. Three major aspects determine the emergence of
these edge states [44, 49, 134] and consequently the electronic structure of mixed
edge configurations, namely size dependence on the edge state, edge shape effects
and wavefunction localization, which will therefore briefly be discussed.
A small gap is formed in the range 2π/3 ≤|k| ≤ π due the penetration of localized
wavefunctions from both edges of a zigzag GNR. As the wavefunction decays ex-
ponentially across the number of zigzag rows, the ribbon width becomes a crucial
factor in estimating the magnitude of the gap and the corresponding band disper-
sion. From a maximum at N = 7, the flatness index, and thus the weight of the edge
state, continuously decreases as ≈ 1/N , until the electronic structure of an infinitely
extended graphene layer has been restored.
Due to the fragmentation of the zigzag GNR by armchair segments, the influence of
the localized edge state is diminished. Armchair edges do not exhibit the character-
istic localized state, therefore reducing contributions of the flat band states to the
bandstructure. However, the impact of this perturbation is much less relevant, when
compared to the influence of the ribbon width. For instance, three or four zigzag
edge sites in a sequence are sufficient to preserve a significant edge state in a few-nm
wide ribbon [134].
The edge states of zigzag sites exhibit a strongly localized charge density distribu-
tion, which still persists down to a small number (as low as ≈ 4− 5) of zigzag sites
within a zigzag segment [134] of a nanometer-scale GNR. This feature can be ob-
served experimentally by means of surface sensitive, local techniques, such as STM
and STS.

4.2.2 Electronic signatures of size quantization in edge and impurity
scattering

In order to understand the effect of quantum confinement on electron scatter-
ing, the simplified case of an infinitely long armchair graphene nanoribbon of width
W (Fig. (4.10)(a)) is first discussed [47]. With x corresponding to the confined
direction, the transverse wave vector kx is quantized and can now be written as
kx → kdn = nπ/W − Kdx, where n is an integer and d enumerates valley pairs
in the first BZ [118, 177]. More precisely, the values of kx involved in a scattering
event at a defect in the ribbon are located at intersections of lines in the ky direc-
tion with CEC of graphene at positions kdn (Fig. (4.10)(b)). In a ribbon, scattering
vectors are observed connecting two points on the circular CEC with initial values
kdn = nπ/W −Kdx and final values kd’m = mπ/W −Kd’x (specific selection rules
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Figure 4.10 | Schematic illustration of elastic scattering in a metallic
AGNR. (a) Real space geometry of a metallic AGNR of width W. (b) Schematic
representation of the constant energy contours of an AGNR with possible scattering
processes (intervalley) indicated by arrows. Due to the transverse confinement kx =
nπ/W−Kdx is quantized, giving rise to a number of scattering vectors originating at
~k′G (blue arrows) as compared to an infinite graphene sheet, where only points with
antiparallel vectors ~kG and ~k′G can be connected (thick blue arrow). (c) Resulting
FT-LDOS of a metallic AGNR corresponding to the transitions depicted in (b).

must also be obeyed) [118].
Considering only elastic scattering, the energy conservation is only valid for trans-
verse and longitudinal momenta satisfying 2m∗E/~2 = k2

x + k2
n(E), both before and

after scattering. Thus, scattering intensity is observed only at a finite number of
~q vectors, which lie inside a circle of radius 2

√
2m∗E/~2 and constitute a scatter-

ing feature as shown in Fig. (4.10)(c). Depending on the location of the impurity,
different transitions from n to m will be available. The factor Knm defined via the
LDOS

ρ(~r,E) = − 1
π

∑
n,m

Im{Gnm(~r, ~r′, E)} (4.14)

= − 1
π

∑
n,m

Knm ρxnm(x,E)ρynm(y,E), (4.15)

is only non-zero if the transverse wavefunctions of mode n and m have a finite over-
lap [118].
When comparing these characteristic confinement induced scattering patterns with
the experimentally observed scattering features of a GNF along the armchair di-
rection (topography presented in Fig. (4.11) and scattering features compiled in
Fig. (4.12)), there is a striking resemblance for both contour and interior. This
serves as a first qualitative indication of confinement related scattering in constricted
GNFs [47].
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Figure 4.11 | Atomic structure and electronic dispersion relation of a
graphene flake on Ag(111). (a) A real space image of an elongated graphene flake
with predominantly zigzag terminated edges, perturbed by short armchair segments,
thus resulting in an armchair alignment. (b) Close up STM image of the elongated
rectangular region marked in (a) showing an example of the edge configuration.
(c) STM topography of a single carbon vacancy. (d) Electronic dispersion relation
in Γ − K and K − M direction of the graphene flake shown in (a), as derived
from dIT/dVT maps obtained at different bias voltages. Imaging parameters: (a)
VT = 0.1V, IT = 300pA, T = 10.0K, (b) VT = -0.1V; IT = 1500 pA, T = 10.0K,
(c) VT = −0.2V, IT = 800pA, T = 10.0K.

4.3 Confinement in realistic graphene nanoflakes

4.3.1 Footprints of electronic confinement in an armchair graphene
nanoflake

Figure (4.11)(a) shows a typical elongated graphene nanoflake sitting on top of
an at least 7 nm high epitaxial Ag(111) island on Ir(111) [47]. The GNF length is
about 550 nm and a maximum width of about 100 nm is measured. An atomically
resolved magnification of an edge segment is shown in Fig. (4.11)(b). Increased STM
intensity is found at the edges of both flake sides along with prominent LDOS mod-
ulations, modifying the honeycomb appearance of graphene several nanometers into
the flake interior. The LDOS patterns observed at the edges are identical to those
previously reported for GNFs on Au(111) and Ag(111) [44–46], suggesting single hy-
drogen terminated graphene edges, which prevent bonding and bending towards the
substrate and allow for a flat graphene geometry [181]. The analysis of the atomic
contrast and moiré structure of the GNF suggests the R0 adsorption configuration,
meaning that the metal [1 1 2] direction is parallel to the graphene [1 1 0 0] direction.
Atomic reconstruction reveals an alignment of the long flake axis roughly parallel to
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Figure 4.12 | QPI of an elongated graphene flake on Ag(111). (a) A con-
ductance map of the area marked in Fig. (4.11)(a) oriented along the armchair
direction. (b) Corresponding FFT of the conductance map displaying intravalley
(i) and intervalley (ii-iv) scattering features as well as atomic spots (v) including
higher order intravalley features enlarged in the inset. Next to the FFT, close-ups
of the scattering features (i-iv) from the FFT are compiled. Imaging parameters:
IT = 400pA, Vmod = 3mV, fmod = 789.4Hz, T = 10.0K.

the armchair direction and a predominant termination with zigzag edges for both
sides of the flake. Besides the edges, point defects within the flake interior also give
rise to strong LDOS modulations [47]. Two characteristic types of defects usually
found on the studied GNFs are: (i) single carbon vacancies [66, 182] (displayed in
Fig. (4.11)(c)) and (ii) flower defects [156], as depicted for several bias voltages in
Fig. (4.16)(a–c) and discussed in more detail in the following paragraphs, of which
the flower defect represents the most abundant one.

A conductance map on the GNF within the area marked by a square in the to-
pographic image (see Fig. (4.11)(a)) is depicted in Fig. (4.12)(a). Long wavelength
intensity oscillations are visible suggesting a chaotic rather than well ordered stand-
ing wave pattern. The electronic band minimum of the Ag(111) surface state is
shifted to about +200meV due to the presence of graphene [45,46,72] as well as due
to strain effects in the Ag thin film [170,171], thus the observed LDOS modulations
can be unambiguously assigned to graphene standing waves superposed by a clearly
visible moiré superstructure [47].
The dI/dV image shows modulations of the atomic lattice and the (

√
3×
√

3)R30◦

superstructure indicative of graphene-related QPI. The corresponding FFT of the
dI/dV map displayed in Fig. (4.12)(b) reveals graphene intervalley scattering fea-
tures (at the corners of the dashed hexagon) and intravalley scattering features
centred at ~q = 0 as well as the atomic lattice spots [106]. In addition, graphene
reciprocal lattice and moiré spots as well as several higher order features are visi-
ble. The observed intravalley features stem from the elastic scattering between the
states on a constant energy contour of one Dirac cone, whereas the intervalley fea-
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tures correspond to the scattering vectors ~q = ~ki − ~kf connecting the states of the
two neighboring cones as displayed in Fig. (4.10)(b) [106]. Due to the charge trans-
fer leading to the shift of the Dirac point to −470mV (plotted in Fig. (4.11)(d),
scattering features for graphene on Ag(111) are large in size and already show the
onset of trigonal warping [47]. The moiré structure gives rise to faint cone replica
visible around the center of the FFT and around the intervalley scattering features.
The magnifications of the intervalley and intravalley scattering features are depicted
in Fig. (4.12)(b(i–v)). The appearance of the intravalley scattering contour is a
surprising feature for monolayer graphene, since it is typically suppressed due to
pseudospin conservation. Furthermore, the intervalley scattering deviates from the
expected behaviour of a perfect infinite graphene sheet, where an intensity modu-
lated ring-like contour is expected [106]. Instead, the measurement shows a ring-like
feature, as expected for an extended graphene sheet depicted for comparison in
Fig. (4.5), with considerable additional intensity inside the trigonally warped ring.
A closer examination of the additional intensity reveals the presence of a fan-like
inner structure, which is located on a line through the center of the scattering ring.
The alignment of this feature reflects the direction of the long axis of the GNF in real
space [47]. As will be shown by a comparison of experimental and theoretical data,
these additional scattering features arise from impurity electron scattering between
different transverse modes (sub-bands) in the nanoflake.

4.3.2 Scattering at edges and impurities in a zigzag graphene nanoflake

In order to identify and assess the contributions of edges and impurities to the ad-
ditional spectral features observed in the scattering processes, experimental QPI data
from a compact GNF is directly compared to the results of a theoretical treatment of
this particular flake geometry [47]. Fig. (4.13)(a) shows a R0 GNF on Ag(111) with
lateral dimensions of 70×170 nm. The long edges of the experimentally measured
flake are virtually parallel, resembling the shape of a zigzag graphene nanoribbon
with rough edges. The size of the flake allows for a reasonable atomistic tight-binding
modelling of graphene π electrons, utilizing a numerical recursive Green’s function
approach. In this approach, a freestanding graphene flake with about 3.4 ·105 atoms
is assumed (see Fig. (4.13)(b)) reproducing the overall size and shape of the ex-
perimental GNF, with the atomic structure precisely adjusted to the experimen-
tally observed one including flower defects (compare defect positions and type in
Fig. (4.13)(a) and (b)) and edges (see Fig. (4.15)(a) and (b)). Since the edges are
hydrogen passivated, each edge carbon atom is simply modeled by a single π orbital
as in the flake interior. The results of this modelling [47,118] are in very good agree-
ment with previous experimental observations and theoretical calculations for the
edges [45,47].
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Figure 4.13 | Atomic structure of a quasi rectangular graphene flake on
Ag(111). (a) STM topography of a quasi-rectangular flake GNF with H- and pre-
dominantly zigzag-terminated edge configuration. The edges along its long axis are
virtually parallel and oriented along the zigzag direction. (b) Atomic real space
model image of the flake presented in (a) for tight binding calculations. The ro-
tational grain boundary defects as well as the edge configuration resemble the ex-
perimentally observed structure. (c) QPI map of the area marked in (a) for FT-
LDOS analysis revealing confinement features. Imaging parameters: (a) VT = 0.03V,
IT = 300pA, T = 10.0K, (c) VT = 0.01V; IT = 1500 pA, T = 10.0K, (c)
VT = 0.01V, IT = 800pA, Vmod = 3mV, fmod = 790.0Hz, T = 10.0K.

The used tight-binding model is defined by the Hamiltonian

H =
∑
i

εic
†
ici +

∑
ij

tijc
†
icj , (4.16)

where c†i and ci are creation and annihilation operators for site i, εi is the onsite
energy of site i, and tij is the hopping amplitude between sites j and i as specified in
Appendix A. The tight-binding hopping parameters are set according to the simple
formula for π orbital overlap [47,183]

tij = t(r) = −t exp[−λ(r − aG)], (4.17)

where r is the distance in the plane between carbon atoms i and j, aG = 1.42Å is
the graphene carbon-carbon distance, and λ ≈ 3/aG. The nearest-neighbor hopping
integral −t is related to the Dirac electron Fermi velocity ~vF = 3aGt/2. From the
measured Fermi velocity in Fig. (4.11)i, we get t ≈ 2.6 eV. The above formula is
applied for inter-atomic distances r less than a cut-off Rc ≈ 1.8aG, in order to take
into account next-nearest neighbor hopping as well as reasonable hopping parame-
ters in the pentagons and heptagons in the flower defects [47].
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Figure 4.14 | Identification of scattering contributions from tight binding
FT-LDOS maps. (a) FT-LDOS of the model flake displayed in Figure (4.13) with
infinite quasiparticle lifetime. The intervalley scattering interior arising from con-
finement is directed towards the centre of the FFT. (b) Tight binding calculation
of the same flake including a limited quasiparticle lifetime, thus yielding intervalley
features aligned with the flake’s long axis inside the scattering contour. No intraval-
ley scattering ring is visible at the centre of the FFT. (c) FT-LDOS of model flake
with limited quasiparticle lifetime as well as AB sublattice symmetry breaking due
to the implementation of a mass term at the rotational grain boundary sites. The
corresponding FFT exhibits the experimentally observed alignment of the interval-
ley features with the flake’s long axis as well as the restoration of the intravalley
scattering contour centered at ~q = 0. (d) Experimentally observed FT-LDOS of
quasi-rectangular zigzag GNF. Imaging parameters: (d) VT = 0.01V, IT = 800 pA,
Vmod = 3mV, fmod = 790.0Hz, T = 10.0K.
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Figure 4.15 | Edges and scattering features of real and model quasi-
rectangular GNF. (a–b) Edge structure comparison of the measured and simu-
lated GNF. Both flakes exhibit similar intensity variations at the edges due to scat-
tering. (c) Direct comparison of intra- and intervalley features of Fig.(4.14)(c) and
(d), exhibiting additional intervalley features inside the ring-like contour, as well as
an intravalley scattering ring. Imaging parameters: (a) VT = −0.01V, IT = 1000pA,
T = 10.2K.

Lattice symmetry breaking at rotational grain boundary defects

The onsite energies εi are set to zero throughout the flake [47], except in the
flower defects where they vary between −0.6t and +1.2t, which serves to model the
charge transfer between pentagons and heptagons in the defect. The onsite energies
are unknown for the flower defect and should in principle be computed from density
functional theory. Here the parameters have been taken in analogy to the Stone-
Wales defect [52], for which this has been done thoroughly by Amara et al. [184].
For the FT-LDOS, the exact values of these parameters actually do not matter, as
long as they are non-zero. For zero onsite energies across the flower defect, the scat-
tering is too weak to match the experiment. It should be noted that the distribution
of onsite energies in the flower defect leads to an effectively broken pseudospin selec-
tion rule, such that intravalley backscattering is no longer suppressed [47]. This leads
to the restoration of the intravalley scattering ring in the FT-LDOS, which can also
be observed experimentally in both armchair and zigzag GNFs (see Fig. (4.12)(b)i
and (4.15)(c)i, respectively).
The presence of flower defects in the flake also yields additional intensities besides
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Figure 4.16 | Electron backscattering at rotational grain boundary de-
fects. (a–c) Bias dependent topographies of a rotational grain boundary defect
(flower defect) acting as a scattering centre for electrons. The defect consists of a
small rotated island, relinked with the surrounding lattice by a pentagon-heptagon
sequence. (d) Atomically precise model of the flower defect including scattering
intensity determined by TB calculations. (e–f) Fast Fourier transform of said de-
fect, obtained experimentally using STM (top) and theoretically with a tight bind-
ing calculation of an atomically precise model (bottom). Imaging parameters: (a–c)
IT = 800pA, T = 10.0K.

scattering and atomic features in the FFT related to the defect geometry, which
are found for both the experimental and theoretical flake, however, they are more
pronouncedly visible in the tight-binding FFT due to the absence of measurement
noise [47]. This is depicted in Fig. (4.16), in which various bias topographies of
the flower defect are juxtaposed with the atomic tight-binding model. For the ma-
jority of the observed features, the resulting FT-LDOS are comparable, exhibiting
features attributable to both geometric structure and electronic configuration (see
Fig. (4.16)(e–f)).

In conclusion, the breaking of sublattice symmetry at defects arises from an
interaction that can be identified from the comparison of experimental as well as
theoretical data. The reconstructed rotational grain boundary defects of the GNF
can be simulated with the addition of a local mass term at the defect sites and
thereby relax pseudospin conservation leading to a restoration of the intravalley
scattering ring at the centre of the FFT. This feature is not present in the simply
confined system with rough edges, hence providing a clear correlation between the
presence of impurities and the breaking of AB sublattice symmetry.
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4.3.3 Lateral confinement and quasiparticle lifetime

Taking into account next-nearest neighbor hopping t(r =
√

3aG) = −t′, the
above model yields ED = 3t′ ≈ 0.33t. In order to enlarge the scattering features,
the Fermi level was set to EF = 0.61t for the simulations, which is more electron-
doped than observed experimentally (see Fig. (4.15)(c)). The resulting intervalley
features are thus in the trigonal warping regime due to the substantial shift of ED
with respect to EF [47].
The LDOS is computed via the imaginary part of the retarded Green’s function, as
described in Appendix A,

G = (EF + iη −H)−1 . (4.18)

Broadening of the energy levels can lead to a loss of visibility of the scattering fea-
tures (see Fig. (4.10)(c)) associated with size quantization. Such a broadening can
be due to electron-electron interaction, electron-phonon interaction or, for instance,
weak coupling of the graphene π electron system to the underlying metallic sub-
strate as presented in Fig. (4.17). In [47], it is phenomenologically introduced as an
imaginary part of the energy E → E + iη when computing the Green’s function for
electron propagation in the flake. For example, for a rectangular flake of dimension
70 nm × 170 nm, with the zigzag direction along the long axis, there exist different
estimates for energy level separations in the two directions. ∆Eac is of the order
of ≈ 10meV, while ∆Ezz ≈ 25meV. Thus, at an imaginary part η ∼ ∆Eac, size
quantization will no longer be visible along the long axis, only along the short axis.
Indeed, the simulated FT-LDOS images show complicated flake levels for small η,
while these are broadened in favor of clean zigzag ribbon like levels for the chosen
η = 3 · 10−3t ≈ 8meV. This translates into a quasiparticle lifetime of about 80 fs
and hence a mean free path of about 70 nm, taking into account the experimentally
obtained Fermi velocity [47]. Such a length corresponds to the elongation of the
flake’s short axis.
Taking a closer look at impurity scattering and scattering at flake edges, the stand-
ing waves are clearly visible in both the quasiparticle interference map and to a lesser
extent also the plain topographic image (see Fig. (4.17)(a)). Focussing on contribu-
tions related to intervalley scattering, the decay of standing waves can be enhanced
by performing an FFT (Fig. (4.17)(b)), including relevant scattering features and
subsequent inverse FFT of the selected areas in ~q-space. The resulting standing wave
pattern is superimposed on the topography in Fig. (4.17)(a), displaying a character-
istic decay away from the flake edge. An individual standing wave profile extracted
from the inverse FFT image is shown in Fig. (4.17)(d). It clearly exhibits oscillatory
behaviour within an envelope of decreasing amplitude. The standing wave profile
was thus fitted with a function proportional to a product of two cos(2kr) functions,
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Figure 4.17 | LDOS oscillations decay. (a) Inverse Fourier transform of first
order intervalley scattering features superimposed onto the STM topography of a
GNF edge. (b) Fast Fourier transform of the edge topography displaying the in-
tervalley scattering wave vector range selected for inverse Fourier transform. (c)
Decaying standing wave pattern replicated for TB calculations of a realistic zigzag
graphene nanoflake in comparison to the experimental data sets. (d) Line profile
of decaying standing wave pattern marked in (a) as obtained from the inverse FFT
(black scatter data points) together with the corresponding fit (blue curve). The
decaying envelope (grey curve) follows a 1/r behaviour. Imaging parameters: (a)
VT = −0.15V, IT = 800pA, T = 10.0K.

to account for the mid-range Friedel and atomic scale oscillations, with r being the
spatial one dimensional component, extending perpendicularly away from the flake
edge, and k the wave number. The power law of the decay was fitted as 1/rα [90,92],
in order to assess the dimensionality of the electron gas and the scatterer. From
the fit to the experimental data the amplitude damping factor α was found to be
close to 1, which coincides well with the prediction for intervalley scattering off an
atomically sharp defect [107] as well as with experimental observations [185].
The same decay behaviour was reproduced within the tight-binding framework, as
can be seen in Fig. (4.17)(c), that depicts standing waves at the edges of an exem-
plary segment of a confined, realistic graphene flake. Both atomic scale oscillations as
well as characteristic Friedel oscillations propagate away from the edge, damped by
an amplitude envelope. The scattering intensity is strongest at armchair perturbation
sites of the perfectly straight zigzag edge, which also resembles the experimentally
observed case.
Despite lateral confinement in all spatial directions in the presented quasi-rectangular
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flake, quasiparticle interference hence shows decoherence far away from edges and de-
fects that arises from a coupling to the underlying substrate and can be implemented
in the tight-binding calculations by introducing a limited quasiparticle lifetime via
an enlarged imaginary part of the energy term. In the FT-LDOS, this can be seen
in the redirection of the intervalley scattering feature interior, which changes from
being directed towards ~q = 0 to an alignment with the flake’s long axis, thus pro-
ducing a normal to the strongest confinement direction comparable to the case of a
nanoribbon (see Fig. (4.14)(a–b)).

In conclusion, upon examination of the intervalley scattering features in the ex-
perimentally obtained FFT (Fig. (4.14)(d)), a rich inner structure due to transverse
confinement is visible in the FT-LDOS in addition to the graphene bulk features
(circles). The calculated FT-LDOS (presented in Fig. (4.14)(c)) displays very pro-
nounced trigonally warped intervalley scattering contours enclosing additional fea-
tures aligned with the flake’s long axis. These fine structures are very narrow at the
center of the ring, while fanning out towards the rim. This is in perfect agreement
with the experimentally obtained data as can be readily seen from the juxtapo-
sition of the magnified experimental and theoretical scattering features compiled
in Fig. (4.15)(c). Also the intravalley scattering ring observed in the measured FT-
LDOS of armchair and zigzag GNFs is restored in the tight-binding calculation upon
the inclusion of AB sublattice symmetry breaking at the flower defects. Thus a cor-
rect description of the scattering features is only possible when taking into account
the size and exact atomic structure of the nanoflake along with the symmetry-
breaking at point defects and energy level broadening [47]. It should be emphasized
once again that no inner structure within the intervalley scattering features is ob-
served in experiments on extended graphene sheets prepared on Ag(111) underlining
the confinement nature of the observed structures as presented in Fig. (4.5).



5 | Interaction at the interface:
Graphene and strong spin-orbit
coupling

The field of spintronics provides a fascinating playground for several device ap-
plications, as it allows for a manipulation of the spin of the charge carriers without
the use of externally applied magnetic fields. However, external electric fields are
generally too weak to induce a substantial lifting of spin degeneracy, while the in-
trinsic spin-orbit coupling (SOC) strength is usually sufficient to manipulate the
electron spin of metals and semiconductors.
Albeit exhibiting outstanding electronic properties in itself, graphene does not pro-
vide a notably large intrinsic SOC [186–188] and thus limits its applicability for
spintronic devices. Several means to increase such a coupling have been proposed in
order to remedy this technological shortcoming, most promisingly among them aris-
ing from the interaction with strongly spin-split surfaces (e.g. graphene on diluted
heavy atom systems) [189–191] or by generating large pseudomagnetic fields inside
the graphene layer due to large spin-orbit variations in the underlying substrate as
proposed for graphene/Ir(111) with intercalated Pb islands [192].
Angle-resolved photoelectron spectroscopy (ARPES) measurements as well as DFT
calculations on such systems have indicated a giant spin-splitting of the graphene
π band at the K point of up to 100meV for graphene on diluted heavy atom sub-
strates [191,193]. A splitting of this magnitude is inferred from the large wave func-
tion overlap and hybridization of the graphene π states and the metal valence band
states, thus massively increasing the spin-splitting in the graphene layer.
More detailed studies on such graphene on heavy atom systems, e.g. graphene/Ir(111)
and graphene/Au(111), employing STM and STS have, however, yielded rather dif-
ferent results, as the interaction with the substrate solely resulted in a rigid up-
ward shift of the spin-split metal surface state upon the adsorption of graphene
[45, 46, 104, 194]. This energy shift is hereby attributed to a stronger localization of
the surface state wave function, resulting in a larger Pauli repulsion and thus a shift
towards smaller binding energies. Furthermore no increase in the spin-splitting of
graphene was observed [176] beyond the energy resolution of the experiment, raising
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the question of whether giant spin-splitting of the graphene-derived π bands can
actually be induced by strongly spin-orbit split heavy metal substrates.
In order to confirm or refute the claim of giant spin-splitting induced in the gra-
phene π bands due to interaction with a strongly Rashba-split substrate, graphene
was prepared as a protective layer on the giant Rashba-split surface alloy BiAg2,
which besides a substantial splitting of ER = 200meV [108, 195–197] is arranged
on the fcc Ag(111) surface in a diluted configuration comparable to the proposed
system of diluted Au on Ni [189]. Due to the comparable nature of Pb and Bi in
the resulting alloy configuration, this system also suffices to test whether the spa-
tial variation of spin-orbit coupling of the Bi layer underneath graphene is sufficient
to induce a substantial splitting in graphene [192]. The structural and electronic
properties were investigated by means of STM, QPI and point spectroscopy, close to
EF in order to disentangle contributions from the substrate and the graphene layer
according to their position in reciprocal space. While the change in surface state
upon graphene adsorption was monitored with both QPI and STS, the dispersion of
the Dirac fermions of graphene was compared to the one of free-standing graphene
with the help of QPI at various bias energies.
This chapter presents the experimental and partly also theoretical results of the
publication by Tesch et al. [198], which are enhanced in the discussion by adding
interesting details on the structure close to defects and give further insights on the
electronic properties of the graphene/BiAg2 system.

5.1 BiAg2 growth and structure

Starting point of the BiAg2 sample preparation were Ir(111) single crystals
cleaned according to the pocedure described in Chapter (3), followed by the growth
of graphene patches and the intercalation of a thick layer of Ag. In the next step, the
close to stoichiometric BiAg2 alloy underneath GNFs was prepared via adsorption
of Bi atoms evaporated from an effusion cell at a fixed rate of 0.13 ML/min onto
graphene/Ag/Ir(111) at 200◦C and subsequent annealing at the same temperature
for 30min. This procedure leads to an alloying of Bi and Ag atoms at the uncov-
ered surface as well as an effective penetration of Bi atoms underneath the graphene
layer. The fabrication process is schematically illustrated in Fig. 5.1(a–c) and the
Bi diffusion underneath graphene is depicted in STM topographies of Fig. (5.1)(d)
and (e). The resulting coverage was checked with STM and LEED, until the charac-
teristic (

√
3 ×
√

3)R30◦ alloy structure had formed underneath the majority of the
inspected graphene flakes.

Depending on the position on the crystal surface, the coverage of graphene and
the evaporation rate, different phases of the Bi-Ag(111) surface alloy can be formed
at the interface. Ranging from single Bi atoms randomly adsorbed on the Ag surface
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Figure 5.1 | Visualisation of GNF/BiAg2/Ag/Ir(111) sample fabrication.
(a) GNFs/Ir(111) following temperature programmed growth cycle. (b) Floating
and embedded GNFs on a thick layer of Ag(111) after intercalation. (c) Complete
BiAg2 alloy formation underneath flakes and on non-covered regions. (d) and (e) Bi
intercalation front underneath graphene (graphene flake edge to the right of image
(e)). Intercalation starts at the flake edges and advances towards the flake interior.
Both STM topographies show randomly diffusing Bi atoms, as the coverage is still
too small for the formation of ordered structures.

to well-ordered Bi(110) monolayers a wide variety of (super)structures is observed
that can be classified into three distinct categories depending on the Bi coverage θBi,
namely (sub)-BiAg2-monolayer (i.e. θBi ≤ 1/3 ML Bi), striped surface reconstruc-
tions (i.e. 1/3 ≤ θBi ≤ 1 ML) and complete monolayers or nanowires (i.e. θBi ≥ 1
ML) [199–204].

5.1.1 Single Bi atoms and the (
√

3×
√

3)R30◦ reconstruction

Upon deposition of up to one third monolayer of Bi, i.e., 1/3 atomic layer of
Bi(110) consisting of 3.1 · 1014 atoms cm−2, individual Ag atoms are replaced by
Bi at random surface positions within the Ag top layer, diffuse on the surface and
coalesce into BiAg2 islands with the remaining non-embedded Bi atoms until a
commensurate (

√
3 ×
√

3)R30◦ alloy is formed. This alloying process of Bi and Ag
atoms is visualized in Fig. (5.2)(a-c). The periodicity of the resulting superstructure
is further addressed with respect to the underlying Ag lattice.
Albeit immiscible in the bulk, surface-confined alloy phases can be realised from
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elements in atomic size mismatched systems reducing tensile stress arising from
broken bonds at the surface [205]. A perfect example of this process is the formation
of BiAg2, a substitutional surface alloy of heavy post-transition metals on the (111)
face of noble metals [200–202, 206–208]. Strain fields induced by the presence of Bi
atoms in the toplayer lead to a repulsion of the two nearest-neighbour atoms, thus
preventing two Bi atoms from sitting directly next to one another [203, 205]. The
bulk layers of the structure remain essentially unaffected by this process and only
the top layers exhibit said contraction. In this long-range ordered structure, the Bi
atoms are embedded in the top layer of Ag with an in-plane lattice constant of 5
Å, each surrounded by six Ag atoms. The BiAg2 unit cell thus consists of one Bi
atom and two Ag atoms. These Bi atoms are visible in STM topographies as bright
spherical protrusions due to the slightly larger bulk atomic radius of Bi (hard sphere
model radius of 1.56Å) compared to Ag (1.44 Å) that induces an effective outward
relaxation of the Bi atoms of approximately 0.6Å with respect to the Ag lattice
plane [199,203]. The height measured in STM is, however, a convolution of electronic
and topographic structure, thus apparent height and actual topographic step height
do not necessarily agree. Further effects that might have to be taken into account
are valence electron charge smoothing and stress induced surface restructuring that
could further decrease the measured effective height [203]. In any case, this buckling
of the surface is key for the extraordinary physical properties discussed later in this
chapter, as it leads to a distortion of the wave function and breaks the in-plane
inversion symmetry [195].
The (

√
3 ×
√

3)R30◦ structure exhibits step edges in two main directions, namely
perpendicular to either ΓM or ΓK. The highest Bi atom density is found in steps
along the close-packed direction of BiAg2 [197].

5.1.2 Striped surface reconstruction (p×
√

3)

If the concentration of Bi is increased even further, the high compressive strain
induced dealloying process originating from the size mismatch of Bi and Ag atoms
leads to the formation of a striped uniaxially incommensurate (p ×

√
3) overlayer

structure. While the (p×
√

3) overlayer demonstrates a periodicity of
√

3 along the Ag
[112̄] direction, the lattice is incommensurate orthogonal to this axis. In accordance
with previous publication on these types of alloys and similar electrochemically de-
posited structures, such an ordered overlayer lattice with a rectangular non-primitive
unit cell is denoted as (p ×

√
3) [202, 203, 209]. Upon continued Bi evaporation, a

transformation of an increasing proportion of the (
√

3 ×
√

3)R30◦ alloyed surface
into expanding (p×

√
3) islands ensues. A high resolution STM topography of such

a structure is displayed in Fig. (5.2)(d), including the rectangular unit cell vectors
~a = 5.89Å and ~b = 11.52Å.
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Figure 5.2 | Evolution of alloying and dealloying process. (a) Single, ran-
domly adsorbed Bi atoms on Ag(111). (b) Coverage below 1/3 monolayer, an or-
dered structure becomes visible. (c) Completely ordered BiAg2 surface alloy with a
single Bi vacancy. (d) Striped (p×

√
3) Bi-Ag resulting from the dealloying phase.

(e) Step edges of a Ag(111) screw dislocation with brightly visible Bi edge atoms.
Imaging parameters: (a) VT = 0.2V, IT = 400pA, (b) VT = 0.03V, IT = 400pA,
(c) VT = −0.15V, IT = 300pA, (d) VT = 0.1V, IT = 200pA, (e) VT = 0.05V,
IT = 700pA.

5.1.3 Monolayers and nanowires

Once Bi-Bi interaction grows more important than Bi-Ag interaction due to a
continued increase of Bi coverage, the formation of a highly ordered, but incommen-
surate monolayer of Bi(110) on the Ag(111) surface with a rectangular surface unit
cell becomes more energetically favourable. Each unit cell contains two atoms of Bi,
giving rise to a covalently bonded zigzag chain pattern along the [11̄0] direction.
This is a result of the preferential site for Bi atom attachment at the end of each
of the 6.6Å wide ribbons oriented along [11̄0], thus prolonging every chain during
the growth procedure. The formed Bi nanoribbon structure exhibits much weaker
bonding in the orthogonal direction and grows in double (110) layer units. At a
thickness of 1.3 ML Bi the resulting nanowire already shows a well-defined shape
and its length is typically in the order of 100 nm [203, 204]. However, as Bi(110)
monolayers do not exhibit the desired giant Rashba splitting, the evaporation du-
ration was adjusted to achieve a coverage close to 1/3 monolayer of Bi instead of
preparing Bi nanowires.

5.1.4 Defects

Due to a deficiency in Bi during intercalation, Bi point defects are created at
random positions on terraces and step edges. Some of these defects cause electrons
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Figure 5.3 | Point defects in pure BiAg2. (a)-(c) Topographies of three dif-
ferent BiAg2 defects at various bias voltages. (d)-(f) Topographies of three differ-
ent BiAg2 defects at various bias voltages. Imaging parameters: fmod = 678.2Hz,
T = 5K, B = 2T, (a) & (d) VT = −0.3V, IT = 2000pA, Vmod = 8mV (b) &
(e) VT = 0.1V, IT = 2000 pA, Vmod = 5mV, (c) & (f) VT = 0.5V, IT = 2000 pA,
Vmod = 8mV.

to scatter very strongly, while others seem to lie deeper inside the bulk, showing al-
most no standing wave patterns from electron backscattering. Three of those defects
are exemplarily depicted with topography and QPI in Fig. (5.3) for different bias
voltages. The point defects producing very strong signatures in QPI, exhibit a three-
or six-fold symmetry, depending on the applied bias voltage (compare Fig. (5.3)(d)
and (f)) with standing waves decaying over several tens of nanometers. A chain of
such point defects forming a grain boundary is also rather common, as visible in
Fig. (5.5). However, since such defects influence the lifetime of the surface state
quasiparticles rather strongly [206], the deposited quantity of Bi is limited to a suf-
ficient number of defects enabling proper QPI analysis.

Screw dislocation lines existing in the Ag(111) surface prior to Bi evaporation are
preserved and decorated with substitutional Bi atoms, hence forming the charac-
teristic straight steps with maximum Bi density along and at angles of 60◦ to the
close-packed direction (see Fig. (5.2)e). These scatterers also produce a strong, but
unidirectional signal in QPI and are thus not sufficient for a thorough analysis of all
possible scattering processes.

5.2 The Rashba-split BiAg2 surface

While electronic states of opposite spin direction are usually degenerate in non-
magnetic materials, this spin degeneracy can be lifted by spin-orbit interaction in
crystals upon a breaking of time reversal or inversion symmetry. Two effects that
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lift spin degeneracy in such a fashion are the Dresselhaus effect [210], applicable to
crystal lattices lacking a center of inversion in the bulk, and the Rashba-Bychkov
effect [211], occurring in crystals with structural inversion asymmetry at surfaces or
interfaces.
After the first observation of the Rashba effect in GaAs/AlxGa1−xAs heterostruc-
tures, a similar spin-splitting has been found by means of angle-resolved photoemis-
sion spectroscopy (ARPES) for several metal surfaces of high-Z elements, such as
Au(111) [166]. This splitting can be further enhanced upon the adsorption of noble
gases and oxygen [212,213].
More recently, a novel group of materials has been discovered, which displays a
much larger spin-splitting (thus denoted as giant Rashba-split materials):

√
3×
√

3
surface alloys of heavy post-transition metals on the (111) faces of fcc noble metal
surfaces [195,201,207,214]. The most intensively studied of these systems is BiAg2,
exhibiting the largest Rashba splitting ER of 200meV [108, 195] as presented in
Fig. (5.4).
The so-called Rashba effect can be described by the following Hamiltonian

ĤR = αR~σ(~k‖ × êz), (5.1)

where αR denotes the Rashba parameter, ~σ are the Pauli matrices and ~~k‖ is the
crystal momentum of the surface electrons. The Rashba parameter mainly depends
on the potential gradient along the surface normal, i.e. αR ∝ ∂V/∂z. This yields a
rotationally symmetric energy dispersion

ER(~k‖) = ~
2m∗ (~k‖ ± ~k0)2 − E0, (5.2)

where m∗ is the effective electron mass, ~k0 and E0 are offsets in wave vector and
energy.
In the case of BiAg2, the Rashba-split bands are two surface states within the L-
projected bulk band gap, with negative effective electron mass. They comprise an
occupied spz-derived band and a mostly unoccupied px, py-derived band. At their
point of intersection, both bands experience substantial band bending in order to
avoid hybridization due to spin-orbit induced interband spin mixing [108]. Fig. (5.4)
shows a DFT calculation of the band structure highlighting the most prominent
surface state transitions D1, D2 and D3 connecting the branches of equal spin ori-
entation [198].
Despite the number of heavy atoms and the strong atomic spin-orbit coupling in the
BiAg2 surface alloy, scaling up with the Rashba parameter, the potential gradient
along the surface normal is far too small compared to the giant Rashba splitting
strength. The fact that the splitting can not be enhanced by adsorption of noble gas
species unlike for Au(111), further indicates a different mechanism at play in this
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Figure 5.4 | Bandstructure of clean BiAg2 as obtained with DFT and
ARPES. (a) DFT calculation of the BiAg2 bandstructure including the main sur-
face state scattering vectors. (b) ARPES measurements of the BiAg2 bandstructure
as presented by Ast et al., with kx along the M − Γ −M direction. Figure adapted
with permission from Ref. [195]. Copyrighted by the American Physical Society.

kind of system [215]. The origin of such counter-intuitive behaviour appears to lie in
a strong in-plane potential gradient, which leads to an out-of-plane rotation of the
spin polarization in addition to a hexagonal constant energy contour of the outer
surface state branches. An outward relaxation of the Bi atoms further strengthens
the in-plane potential gradient. This is supported by a strong localization of the
surface state wavefunctions in the crystal toplayer, which results in an increased
exposure to the in-plane potential gradient [195]. However, physisorption or weak
chemisorption of inorganic molecules, such as NH3 or BH3, have been shown to in-
fluence the bandstructure of BiAg2 and enhance the splitting of the occupied surface
state band by 10 or 40%, respectively [216]. While these calculations indicate a trend
concerning spin polarization and splitting upon adsorption of different species, much
of the interaction mechanism is still a matter of active debate [189–191,198]. In order
to investigate spin-orbit coupling at the graphene-BiAg2 interface, it is thus crucial
to first obtain a sound understanding of the electronic properties of pure BiAg2.

5.2.1 Electronic properties of BiAg2

Scanning tunnelling microscopy

The clean BiAg2 surface was studied in various degrees of Bi coverage as a refer-
ence for the graphene/BiAg2 system, in order to confirm the structural arrangement
of the Bi atoms as well as the dispersion of the surface state. [108,198]
All STM measurements were performed at 5 − 10K in the Cryogenic STM under
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UHV conditions. Differential conductance (dIT/dV ) maps were recorded by means
of standard lock-in technique, using the modulation voltages and frequencies speci-
fied in the figure captions.
In order to achieve a good signal to noise ratio in quasiparticle interference mapping,
a perfect BiAg2 stoichiometry is rather unfavourable, since the number of defects and
step edges is too small to produce strong standing wave patterns. The surface was
thus prepared with several Bi point vacancies as well as vacancy lines of missing Bi
atoms to provide sufficient scattering, as demonstrated in Fig. (5.5). The previously
observed upward dispersing Shockley surface state of Ag(111) is well suppressed for
all measured coverages close to 1/3 ML of Bi, however, the lifetime τ of the surface
state quasiparticles of BiAg2 with negative effective mass m∗, may be slightly de-
creased for a surface containing Bi vacancies, as presented by Fukumoto et al. [206].
These impurities also cause an upward shift of the surface state maximum as well as
a decrease in the absolute value of |m∗|. At a coverage of 1/3 ML, the BiAg2 surface
alloy is fully established and the surface state deviation from the intrinsic downward
dispersion of BiAg2 decreases to zero [206].

Standing waves form primarily at step edges, dislocations and point defects and
their wavelength decreases with in increasing applied bias voltage for both occu-
pied and unoccupied surface state, thus resembling said downward dispersion with
m∗ < 0. The resulting fast Fourier transform of the QPI maps displays the BiAg2
atomic lattice marked by the reciprocal lattice vector ~bBi in Fig. (5.5)(c) and (d).
The most interesting features of QPI mappings are, however, identified around the
centre of the FFT image, i.e. for ~q = 0. Analysis performed in Refs. [108,197] allows
to identify them as D1, D2, and D3 (notation is according to Ref. [108] to ensure
better comparability). The scattering pattern of both the occupied and unoccupied
bands centered at ~q = 0 is anisotropic in ΓM and ΓK direction, yielding a hexagonal
contour of constant energy in the FFT. All scattering vectors obtained to plot the
corresponding energy dispersion are evaluated with respect to those high symmetry
directions, which are also schematically depicted in the inset of Fig. (5.5)(a). The K
point of the first Ag Brillouin zone coincides with the Γ point of the second Brillouin
zone of BiAg2 [198,217]. As previously pointed out by El-Kareh et al. [108], scatter-
ing between unoccupied states as well as occupied states can be observed in QPI,
in contrast to previous publications by Hirayama et al. [218], who have reported
on forbidden backscattering between the unoccupied states. Those features can be
explained by a non-orthogonality of these states due to spin-mixing changing the
states’ spin polarization, thus allowing for backscattering.
The discussed features in the FFT maps obtained from the dI/dV images acquired
at different bias voltages (VT) can be assigned to QPI patterns formed by scatter-
ing of the electron waves at surface defects (steps, dislocations, adatoms, etc.). The
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Figure 5.5 | Quasiparticle interference of the surface state bands of BiAg2.
(a) Atomically resolved STM topography of slightly off-stoichiometric BiAg2 includ-
ing a step edge and vacancies. The inset schematically shows the Brillouin zones and
high symmetry points of Ag and BiAg2. (b) Quasiparticle interference map of the
clean BiAg2 surface. Scattering is nicely visible at defects and edges. (c) FFT of
map shown in (b) with marked Bi atomic lattice spots as well as D2 and D3 surface
state transitions. (d) FFT of map acquired on the same area at 150mV, clearly
displaying D1 transition of the unoccupied surface state. Imaging parameters: (a)
and (b) VT = −0.35V, IT = 1000pA, Vmod = 8mV, fmod = 789.4Hz, T = 10K.

analysis of such maps allows to identify particular scattering vectors (~q) between
different electronic states in the BZ at the fixed energy, E = eVT, and plot the
energy dispersion of the carriers E(k) around EF.

The obtained dispersion relation is presented in Fig. (5.6)(a), displaying three down-
ward dispersing bands corresponding to the three transitions D1, D2 and D3 as
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Figure 5.6 | Dispersion of BiAg2 investigated by STM and STS (a) Disper-
sion of D1, D2 and D3 energy branches. All surface states within the measurement
range thus exhibit negative effective mass m∗, differing slightly for the ΓK and ΓM
direction. (a) Schematic depiction of the possible transitions for a certain CEC. As
spin-flip processes are suppressed in pristine BiAg2, the number of observable fea-
tures in the FT-LDOS is limited to one ring of mean radius ~q. (c) Sketch of the
characteristic STS signature of spin-split surfaces and their origin in the density of
states. (d) STS spectrum on BiAg2, displaying two singularities at the occupied and
unoccupied band maxima. The asymmetric peaks are fitted according to the density
of states model described by Eq. (5.4) in the Tersoff-Haman picture.

marked for each branch. The top of the unoccupied band derived from D1 is at
764± 50meV with normalized effective mass m∗/m0 = −0.162 along the ΓK direc-
tion. A quadratic fit of the occupied band from the scattering vectors of D2 yields
a band maximum at −185 ± 70mV with m∗/m0 = −0.164. The anisotropy of the
surface state is represented by the slightly different dispersion along high symmetry
directions ΓK and ΓM .
Since non-magnetic surfaces do not allow for spin-flip processes to occur, not all tran-
sitions of the spin-split surface states are visible in QPI. For each of the branches,
merely backscattering with equal spin polarization, i.e. from the inner to the outer
contour or vice versa, can take place, thus producing a hexagonal feature with an
average radius of the two contours. This is schematically depicted in Fig. (5.6)(b) for
the case of circular contours for the sake of clarity. The resulting scattering vector
visible in the FFT of a QPI map is thus

~q = ~kf − ~ki. (5.3)
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The artificial introduction of magnetic impurities to the system should lift this con-
straint and allow for a total of three contours at the centre of the FT-LDOS, cor-
responding to backscattering transitions of magnitude |2~ki|, |2~kf| and |2~q| between
contours of constant energy.
The measured electronic dispersion relation of the pure BiAg2 surface obtained with
QPI mapping agrees very well with reference data from the literature [108,197], and
can thus be readily tested regarding interaction and spin-splitting behaviour upon
adsorption of graphene in the bias voltage range from −600 to 600mV. Outside of
this range, the scattering intensity becomes too weak for precise evaluation of the
corresponding surface states, independent of the selected modulation voltage.

Scanning tunnelling spectroscopy

Due to the characteristic spectroscopic signature of spin-split bands, scanning
tunnelling spectroscopy is a valuable tool to investigate the effective mass m∗ and
energy splitting ER of Rashba-split surfaces. As described in detail by Ast et al.
[195, 196], a singularity in the density of states marks the vertex of the spin-split
surface state parabola, due to the change in k-space dimension from a point-like
vertex to a quasi one-dimensional ring-like contour at the band maximum (minimum)
assumingm∗ < 0 (m∗ > 0), followed by a 1/

√
E decay in the density of states (region

II). Once the splitting energy ER is reached, the density of states continues at a finite
constant value (region III). The sample density of states ρsample(E) is thus piecewise
defined as

ρsample(E) =


0 E > E0 (Region I)
|m∗|
π~2

√
ER

E−E0
E0 + ER ≤ E ≤ E0 (Region II)

|m∗|
π~2 = const. E ≤ E0 + ER (Region III)

(5.4)

with ER denoting the magnitude of the splitting.
Since the STS spectrum is not solely dependent on the density of states of the
sample, a convolution of sample and tip Fermi distribution and density of states
contributes to the background of this spectrum. The change in tunnelling matrix
element and density of states of the tip are assumed to be negligible in the considered
energy range from −1 to 1V, according to the Tersoff-Haman interpretation [83] of
Bardeen’s theory of tunnelling.
A recorded STS spectrum of BiAg2 is presented in Fig. (5.6)(d), exhibiting two clear
asymmetric peaks, one for positive and one for negative bias voltage. The shape of
these peaks very well resembles said asymmetric convolution of the piecewise defined
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sample density of states and Fermi distribution functions

I =
∞∫
−∞

|M(ε)|2 (fsample(EF − eVT + ε)ftip(EF + ε))

× ρsample(EF − eVT + ε)ρtip(EF + ε) dε

(5.5)

as derived in Eq. (2.11) and assuming a constant offset. The position of the surface
state peaks agree well with the maxima of the BiAg2 surface state bands as deter-
mined using QPI.
Towards negative bias, an oscillatory behaviour can be noted. This is presumably
due to quantum well states confined in the Ag layer as reported previously for sev-
eral confined thin film systems [219–222], hence scaling with the layer thickness and
varying across the sample surface. Floating graphene flakes trapped within the Ag
layer during the intercalation process may further influence the period of oscillations,
as they produce an additional interface and thus confinement within the layer.
Interestingly, even though both Ag and Au substrates also exhibit the Rashba effect,
it is not visible in STS spectra, as the splitting is too small. The singularity that
is clearly observable for BiAg2 is damped by broadening effects in those systems,
yielding only a step in STS at the surface state minimum (m∗ > 0) [214, 223] in
place of a singularity decaying as

√
E.

5.3 The graphene-protected BiAg2 surface

While a spin-split electronic structure of either pure graphene or pure BiAg2 is
not readily resolved with non spin-polarized STM due to suppressed spin flip pro-
cesses [102, 108, 224, 225], transitions between surface state and graphene states of
opposite group velocity 1

~ ∇k E(~k) allow to visualize their spin-split nature [105,108,
226], as demonstrated for the case of graphene/Au(111) by Leicht et al. [176]. Such
transitions are visible in quasiparticle interference mapping as additional scattering
features centered at the (

√
3×
√

3)R30◦ position with respect to the graphene atomic
lattice periodicity surrounding the conventional intervalley scattering rings. Assum-
ing both spin-split BiAg2 surface state and graphene Dirac cone, the observable
scattering vectors are schematically depicted in Fig. (5.14). For improved clarity of
all transitions, the BiAg2 surface state CEC is assumed to be isotropic, which only
slightly alters the shape of the contours, but not the possible scattering processes.
A tip sensitive to both surface state electrons as well as Dirac fermions within gra-
phene, may thus be employed to test the hypothesis of induced giant spin-splitting
of graphene on diluted heavy atom surfaces proposed by Marchenko et al. [189] as
well as investigate the changes to the BiAg2 surface state due to its interaction with
the graphene bands.
In addition, smaller regions of intercalated Bi may serve to produce spatial varia-
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tions of spin-orbit coupling, thus locally enhancing strong spin-orbit effects in the
graphene-derived π bands, confining electronic resonances by the generated large
pseudomagnetic field while preserving the structural integrity of the graphene layer
as proposed for the case of Pb intercalated graphene/Ir(111) [192].
The incomplete coverage of the graphene layer in the prepared systems allows to
carefully trace all changes in the electronic structure of the underlying metallic layer
before and after graphene adsorption as well as the corresponding modifications of
the electronic properties of graphene with respect to those of a free-standing gra-
phene layer.

5.3.1 Structural properties

Upon adsorption of graphene with a lattice constant different from the one of
BiAg2, an electronic and topographic superstructure is formed. Hereby the overlayer
has a (6× 6) lateral periodicity with respect to the underlying Ag(111) lattice. The
lattice constant in the lateral plane is assumed as the optimised value of the fcc Ag,
ahex = 4.13Å/

√
2 = 2.92Å, even though the intercalated thick Ag film lattice might

deviate slightly from this value due to strain [170, 171], depending locally on the
layer thickness of Ag. The lattice mismatch between graphene and substrate in this
case is approximately 1.5%. The unit cells of all discussed structures are depicted
in Fig. (5.7)(a).

In this figure, one can also clearly distinguish the moiré structure produced by the
adsorption of graphene on the surface of the BiAg2 alloy, which has a (7×7) period-
icity with respect to the graphene unit cell that corresponds to the (6×6) periodicity
of the Ag(111) layer where Bi atoms form a (

√
3 ×
√

3)R30◦ structure. In the R0◦

configuration, the periodicity of the moiré unit cell is 17.523Å.
The high quality of the formed graphene/BiAg2 is confirmed by LEED experiments,
as all these features are also represented by diffraction spots in the LEED image, dis-
played in Fig. (5.7)(c) that clearly exhibits the hexagonally arranged atomic spots
of graphene, Ag and Bi, as well as the atomic lattice of the underlying Ir lattice
(BiAg2 unit cell marked by an orange hexagon, while graphene, Ag and Ir recip-
rocal lattice vectors are identified with labels and black arrows). This owes to the
nature of this method, as LEED diffraction patterns are an average of a rather large
region of the surface due to the electron beam’s cross section. The growth of the
Ag film is not uniform across the whole surface, partially hampered by the presence
of large graphene patches and also due to the 3D Stranski-Krastanov growth mode
of Ag. This leads to pristine or graphene-covered patches of Ir remaining alongside
Ag and subsequently BiAg2 intercalated graphene flakes. The resulting predomi-
nant rotational orientations of graphene flakes after intercalation are R0◦, R24◦ and
R30◦ with respect to the underlying Ag lattice as indicated by the black arrow and
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Figure 5.7 | Structure of graphene/BiAg2. (a) Top view of the
graphene/BiAg2 system with marked moiré unit cell, as well as the unit cells of
BiAg2, Ag and graphene. (b) Side view of graphene/BiAg2, highlighting the dis-
tance between graphene and the underlying Bi and Ag layers, which is of utmost
importance for the calculation of the electronic band structure. Due to their larger
atomic radius, the Bi atoms protrude from the Ag layer they are incorporated in.
(c) LEED pattern of a sample after Bi intercalation, showing graphene, Ag, Bi and
Ir atomic spots.

dashed black lines, respectively. Besides the diffraction spots of the graphene and
BiAg2 subsystems, one can also clearly resolve the respective interference pattern
formed by these two sub-lattices. Additional spots attributable to regions subject to
the dealloying transition of Bi-Ag are also present in the diffraction pattern, com-
parable to the (p×

√
3) structure observed by Zhang et al. [202]. These regions are

the result of a non-uniform evaporation profile of Bi onto the annealed Ag surface
and are neglected in the course of further investigations of the electronic structure.

Tunnelling current dependent measurements of the graphene/BiAg2 surface with-
out defects allow to access different features of the surface structure as viewed in
Fig. (5.8)(a). While the visibility of the atomic carbon lattice improves towards lower
tunnelling currents when ranging from 800 pA to 10 pA, the moiré superstructure
becomes more clearly visible for higher currents. Both atomic and moiré lattice are
very well ordered.
A similarly drastic change in contrast and resolution can be observed for bias depen-
dent measurements. For energies close to EF, the moiré pattern becomes much more
pronounced displaying dark atop moiré positions and brighter hcp and fcc positions
(see Fig. (5.8)(b)). Here, the bias voltage was changed on the fly from −150mV to
+150mV in steps of 100mV. The STM intensity of the atomic BiAg2 lattice dom-
inates the resolution at energies further from EF with bright protrusions marking
the position of Bi atoms, while the atomic resolution of the carbon lattice improves
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Figure 5.8 | Current and voltage dependent topographies of
graphene/BiAg2. (a) Influence of tunneling current on visible electronic and to-
pographic structure. (b) Bias dependent resolution of graphene atomic lattice and
graphene/BiAg2 moiré. Imaging parameters: (a) VT = 100mV, T = 7.73K, B = 1T
(b) IT = 1.2 nA, T = 5.31K, B = 1T.

for energies close to EF.
Taking a closer look at a Fast-Fourier transform of these bias and current depen-
dent topographies, several characteristic structural features can be identified, among
them the reciprocal lattice of graphene, visible as a hexagon in the FFT which is
surrounded by six equally spaced spots arising from the moiré superstructure. This
feature can also be found at the centre of the FFT, around ~q = 0 and has a measured
direct lattice periodicity of 1.58 nm. This differs from the calculated moiré period-
icity due to strain in the Ag layer, thus also slightly altering the lattice constant
of BiAg2. The BiAg2 lattice, highlighted by the (

√
3×
√

3)R30◦ positions of the Bi
atoms with respect to the Ag fcc lattice, can be determined in the FFT as well and
is also surrounded by the six spots of the moiré reciprocal lattice vectors formed at
the graphene/BiAg2 interface (compare to Fig. (5.10)).

Taking a closer look at the edges of graphene flakes on BiAg2, the overall struc-
ture appears to be preserved upon Bi intercalation. The edges are very straight and
accumulate virtually no defects or Bi clusters from intercalation. The predominant
edge type is the zigzag (zz) configuration perturbed by short and medium length
armchair (ac) segments. High STM intensity highlights these edge perturbation sites
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Figure 5.9 | Edge structure of graphene nanoflakes on BiAg2 (a) Graphene
nanoflake on BiAg2 with predominantly zigzag edge configuration. (b) Zoom onto
zigzag edge segment.(c) Atomically resolved zigzag and armchair edge of graphene
nanoflake. (d) Zoom onto armchair segment of nanoflake marked in (a), including
a strongly scattering edge defect as well as atomic resolution on the pure BiAg2
surface area. Imaging parameters: (a) VT = 0.02V, IT = 2000 pA, T = 5K, (b)
VT = 0.04V, IT = 600pA, T = 5.5K, (c) VT = 0.02V, IT = 2000pA, T = 5K, (d)
VT = 0.01V, IT = 2000pA, T = 5K.

that could also be observed for graphene nanoflakes on Au(111) and Ag(111) [45,46].
Fig (5.9) displays a graphene flake on a BiAg2 terrace with well-ordered zz and ac
edges. As the flakes exhibited single hydrogen termination on those previously inves-
tigated substrates, it can be assumed that this configuration is preserved. The lack
in apparent dome-shaped downward bending or bonding of the flake edges towards
the substrate supports this conclusion [227].
Both flake and underlying BiAg2 terrace are atomically resolved, allowing for a
determination of the flake orientation. The ac edges appear to be oriented along
the [112] direction, while the zz edges are aligned with the [110] direction for this
graphene flake.

5.3.2 Surface state shift in graphene/BiAg2

Quasiparticle interference mappings

Similar features compared to the case of clean BiAg2 can be observed for gra-
phene covered BiAg2, allowing to identify all three previously observed surface state
branches and scattering vectors centered around ~q = 0. The observed scattering in-
tensity still forms an anisotropic, i.e. hexagonal, constant energy contour in ΓM and
ΓK direction. It is therefore possible to identify the previously observed scattering
branches D1, D2 and D3.

Fig. (5.10) shows a QPI image of the atomically resolved Bi lattice, covered by
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Figure 5.10 | QPI mapping and dispersion of graphene/BiAg2 (a) QPI
mapping of graphene/BiAg2 with several defects in both graphene and Bi. (b) FFT
of QPI map with marked atomic lattice of BiAg2 exhibiting the hexagonal contour of
constant energy belonging to scattering processes between states of the unoccupied
surface state.(c) Dispersion of D1, D2 and D3 energy branches. All surface states
within the measurement range thus exhibit negative effective mass m∗, differing
slightly for the ΓK and ΓM direction. The dispersion of all three branches is plotted
as a dotted grey line for the pure BiAg2 surface for the sake of comparison. Imaging
parameters: (a) and (b) VT = 0.2V, IT = 2000pA, Vmod = 15mV, fmod = 687.0Hz,
T = 5.57K.

graphene with the bias voltage dependent standing waves forming from electron
backscattering at point defects within the BiAg2 substrate as well as the graphene
layer itself. In direct comparison, the wavelength of the standing waves of a certain
bias voltages is smaller, however, when compared to scattering in the pure BiAg2
surface alloy layer. This behaviour is unexpected, as Pauli repulsion is known to
cause either no shift or an upward shift of the surface state upon adsorption of or-
ganic species like C60, graphene and PTCDA or closed shell atoms such as the noble
gas Xe on metal surfaces [45,46,72,103,104,215,228], while the Rashba splitting itself
remains unaffected. This is due to a stronger localization of the metallic surface state
wavefunction, which in turn results in an increase of the energy of the surface state
electrons, thus shifting the surface state upwards. The measured downward shift in
energy amounts to 100−150meV and can be reproducibly measured across suitable
areas of the crystal surface with various tips, thus ruling out any experimental or
tip artifacts.
The corresponding dispersion relation obtained from measuring the scattering vec-
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tors in the FFTs of the QPI mappings on graphene/BiAg2 at several different en-
ergies is presented in Fig. (5.10). Since the scattering contour is anisotropic, the
values of ~q are displayed for the high symmetry directions ΓM and ΓK. For the
unoccupied states, scattering takes place between the two spin-split surface state
bands, termed as D1, while for the occupied states scattering transitions D2 and D3

can be identified, as labelled in the dispersion graph (Fig. (5.10)(c)).
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Figure 5.11 | Bias dependent topography and QPI mapping of defects
in BiAg2. (left) Voltage dependent topographies of graphene/BiAg2 exhibiting
very different and distinct behaviour depending on the defect type. (right) QPI
of the same region at different bias. The single Bi vacancy (top right) produces
very prominent standing waves from backscattering, while the other type of defect
(bottom left) is almost invisible for several energies or forms a triagonal scattering
pattern. Imaging parameters: (left) and (right) IT = 2000pA, Vmod = 8mV, fmod =
678.2Hz, T = 5K.

In spite of their likely formation during the intercalation process, single Bi vacan-
cies are by no means the only observable defects. When performing QPI mappings
on surface regions with very few defects, one can observe several distinct, voltage
dependent defect signatures, two of which are portrayed in Fig. (5.11). While single
vacancies produce well visible standing wave signatures that reflect the anisotropy
of the crystal surface (wave fronts propagating in a hexagonal as well as star-shaped
pattern centered at the vacancy), more complex structures are formed by larger
structures comprising three or more (missing) atoms. Those defect sites barely con-
tribute to the scattering intensity. Among this type of defect, is also one configuration
that seems to vanish entirely for positive bias voltages above +300mV in both topo-
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Figure 5.12 | STS on graphene/BiAg2 compared to pure BiAg2 (a) STM
topography of a graphene flake next to a pure BiAg2 terrace. (b) Normalized STS
spectra of the two locations marked in (a). While not exhibiting graphene signatures,
a clear downward surface state shift is observable for graphene/BiAg2.

graphy and QPI mapping. Other defects seem to lie deeper within the bulk Ag(111)
crystal and produce isotropic long range standing wave patterns.

Scanning tunnelling spectroscopy

While the characteristic V-shaped DOS of graphene, highlighting the position
of the Dirac point, is not visible in any of the recorded point spectra on graphene-
covered BiAg2, as it is superimposed by the substrate DOS, thus leaving graphene
quasi transparent to the measurement, there are still a number of interesting features
to note. As previously observed in Fig. (5.6), the surface states of BiAg2 can still
be identified. They are, however, shifted in energy with respect to the pure BiAg2
surface alloy.
Fig. (5.12) displays a graphene flake next to a large BiAg2 terrace as well as the
corresponding point spectra. The stoichiometry of the surface alloy is comparable
for both regions, with only very few Bi vacancies and slightly more underneath
graphene. The point spectra of those adjacent regions of graphene-covered and non-
covered BiAg2 with comparable Bi vacancy density exhibit a downward surface
state shift for both spz-derived occupied and the px, py-derived unoccupied states,
as observed also in QPI.
Also the shape and separation of the peaks of graphene-protected/BiAg2 obtained
by STS is comparable to that of the pure BiAg2 surface, only shifted downward by

∆Eunoccupied = Eunocc
0, BiAg2

− Eunocc
0, gr/BiAg2

= 0.10 eV (5.6)

∆Eoccupied = Eocc
0, BiAg2

− Eocc
0, gr/BiAg2

= 0.09 eV. (5.7)

Probing the surface states with respect to the Bi vacancy density yielded only slight
variations in the position of the singularity for both occupied and unoccupied surface
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state band of up to 70meV, unlike the drastic deviations proposed by Fukumoto et
al. [206]. This holds true for both graphene covered and pure BiAg2. Certainly this
is a factor that has to be taken into account for different coverages of Bi, mostly
owing to the fact that STM is a very localized measurement technique, however, it
is dwarfed by the surface state shift due to the adsorption of graphene, especially
when viewed in direct local comparison.

Density functional theory

Complementary density functional theory calculations were carried out by E.
Voloshina1, in order to fully comprehend the mechanisms at play at the graphene-
BiAg2 interface. All DFT calculations based on plane-wave basis sets of 500 eV cutoff
energy were performed with the Vienna ab initio simulation package (VASP) [229–
231]. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [232] was
employed. The electron-ion interaction was described within the projector aug-
mented wave (PAW) method [233] with Ag (4d, 5s), Bi (6s, 6p), and C (2s, 2p)
states treated as valence states. The Brillouin-zone integration was performed on
Γ-centred symmetry reduced Monkhorst-Pack meshes using a Methfessel-Paxton
smearing method of first order with σ = 0.2 eV, except for the calculations of total en-
ergies. For those calculations, the tetrahedron method with Blöchl corrections [234]
was used. A 3× 3× 1 k-mesh was used in the case of ionic relaxations and 6× 6× 1
for single point calculations, respectively. Dispersion interactions were considered
adding a 1/r6 atom-atom term as parametrized by Grimme (“D2” parametriza-
tion) [235]. The spin-orbit correction, necessary for the proper description of the
properties of the BiAg2 surface alloy, is taken into account via non-collinear mag-
netism as implemented in VASP. [198]
The supercell used for calculation consists of a slab of six layers of Ag, a BiAg2
interface layer and a graphene layer adsorbed on top. The (7× 7) periodic graphene
layer is adsorbed on a (6×6) in-plane lattice of Ag. This structure is then continued
by a vacuum region of 23Å. The lateral periodicity of the thus constructed super-
cell was therefore chosen as (6 × 6) with respect to the Ag(111) surface assuming
an optimized lateral fcc lattice constant of ahex = 4.13/

√
2 = 2.92Å. This yields

a graphene-substrate lattice mismatch of approximately 1.5%. The interface layer
was constructed by substituting every third Ag atom by a Bi atom, thus resulting in
the previously discussed (

√
3 ×
√

3)R30◦ superstructure. All spatial coordinates of
the ions of the two topmost layers, i.e. BiAg2 and graphene, were fully relaxed until
the forces were smaller than 0.02 eVÅ−1. The same was done for the z component
of the third layer, i.e. the top Ag layer. The moiré periodicity for this structure in
R0◦ configuration is 17.523Å, as displayed in Fig. (5.7).

1 Humboldt-Universität zu Berlin, Institut für Chemie, 10099 Berlin, Germany
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In order to understand the uncharacteristic downward shift of the BiAg2 surface
state, three systems were calculated, starting from the supercell described in the
previous paragraph. The first system (A) still lacks the graphene layer, but exhibits
fully relaxed top Bi and Ag layers, thus representing the situation of pure BiAg2
before graphene adsorption. The second and third system (B and C, respectively)
both include the fully relaxed C atoms in the graphene layer, system (B), however,
simply preserves the relaxed lattice coordinates for Bi and Ag from system (A), while
system (C) is allowed to fully relax the coordinates of Ag, Bi and C in the topmost
layers once again. The calculated band structures were then unfolded onto the re-
spective sublattice primitive unit cell, i.e. graphene (1×1) or the Ag (1×1) Brillouin
zone, as presented by Madeiros et al. [236,237] employing the code BandUP.
The resulting band structures exhibit the characteristic Rashba splitting of the
BiAg2 surface states [198] and the bands of system (A) display a splitting com-
parable to theoretical and experimental data for pure BiAg2 [108, 197, 198, 214], as
the Rashba-split surface state bands intersect the energy axis at the ΓBiAg2

10 -point at
−280meV, 575meV, and 1395meV. System (B) and (C), however, are very different
in electronic structure. The fixed BiAg2 system (B) shows a small upward shift in
surface state with energy crossing points of −225meV, 585meV, and 1395meV, re-
spectively, due to a stronger localization of the surface states wave functions. This
increased Pauli repulsion causes the shift towards smaller binding energies. In con-
trast, system (C) exhibits the downward shift also observed in experiment. The
energy positions of the crossing points at the ΓBiAg2

10 -point are −355meV, 515meV,
and 1340meV, respectively. The relaxation of the BiAg2 layer leads to a shift of
the Bi atoms further into the Ag layer, reducing the distance between Bi plane and
Ag plane 0.12Å, while the distance towards the graphene layer dgr-Bi (indicated
in Fig. (5.7)) slightly increases from 3.219Å to 3.277Å. Both effects contribute to
the delocalisation of the surface state wavefunctions, thus resulting in an increased
binding energy due to the reduction of Pauli repulsion. All surface states are there-
fore shifted downward in energy, when the lattice is allowed to relax after graphene
adsorption or equivalently upon Bi intercalation between graphene and Ag in the
experimental case.

5.3.3 Dispersion of Dirac Fermions

Quasiparticle interference mappings

Increasing the coverage of Bi underneath the graphene layer up to a monolayer
of BiAg2 not only affects the position of the BiAg2 surface state, but also leads to
a shift of the graphene Dirac cone due to a change in electronic structure and dis-
tance between graphene and underlying substrate. Intra- and intervalley scattering
taking place at defects and flake edges allows to monitor the occurring shift as well
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Figure 5.13 | Dirac Fermion QPI mapping on graphene/BiAg2. (a) Topo-
graphy of graphene/BiAg2 exhibiting several sputter induced defects in graphene
and intercalation deficient Bi vacancies in the BiAg2 substrate. The inset shows
atomic resolution of both lattices, as well as the moiré lattice in 4 × 4 nm2. (b)
The corresponding QPI map, also with atomic resolution shown in the inset. In-
tensity fluctuations appear from standing waves of inter- and intravalley scattering,
while the moiré pattern becomes almost invisible. (c) FFT of the map displayed in
(c). Graphene atomic spots and intervalley scattering positions are highlighted with
dash-dotted and dashed lines, respectively. (d) Zooms onto trigonally warped inter-
valley scattering features at the (

√
3×
√

3)R30◦ position with respect to the atomic
spots (i–iii) and intravalley as well as faint surface state scattering features centered
at ~q = 0 (iv). Imaging parameters: (a) VT = 0.225V, IT = 1300 pA, Vmod = 12mV,
fmod = 687.0Hz, T = 6K, B = 2T.

as changes in Fermi velocity induced by a different coupling to the substrate. In
order to improve the standing wave signal, further defects were created by means
of low energy Ar+ sputtering (at Vacc = 100 eV, pAr = 5 · 10−6 mbar, t = 5 s) and
subsequent post-annealing to 600◦C, prior to the intercalation of Ag and Bi.
The resulting features can be recognized in QPI measurements as a (

√
3×
√

3) super-
structure on the atomic lattice of graphene with varying intensity as demonstrated
in Fig. (5.13). This intensity modulation yields ringlike features in the FT-LDOS at
the (

√
3×
√

3)R30◦ position, arising from intervalley scattering between graphene-
related valence band states around the K and K ′ points. The contour resulting from
intervalley scattering is, however, not exactly circular due to trigonal warping of the
Dirac cones further away from ED (as indicated in Fig. (5.13)(d)), thus implying a
similar doping level compared to the one of graphene/Ag. Towards higher positive
voltages this deviation is enhanced, while almost circular contours are obtained for
larger negative bias. In addition to those features, intravalley scattering rings visible
around the atomic lattice spots of graphene are produced from scattering between
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next nearest neighbour Dirac cones. Due to the orientation of the trigonally warped
Dirac cones with respect to one another, intravalley scattering features are virtually
circular.
Fitting the scattering vectors arising from the π states around the K and K ′ point
observed in several sets of QPI measurements with the dispersion relation of gra-
phene Dirac fermions in ΓK and KM direction, yields a quasi linear dispersion in
the measured energy range, dispersing only slightly stronger in KM direction for
higher positive energies. Graphene/BiAg2 exhibits clear n-doping with a Dirac point
ED at −400±30meV. The corresponding Fermi velocity vF of these Dirac fermions is
comparable to the previously discussed graphene/Ag system, amounting to a value
of (1.17± 0.06)× 106 m/s.
Taking a closer look at the scattering features themselves, a lack of multiple scat-
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Figure 5.14 | Dispersion relation of graphene and possible scattering
vectors assuming transitions between spin-split graphene and BiAg2. (a)
Electronic dispersion relation of graphene charge carriers from the K point in the
direction of Γ and M point. The data points are fitted according to the tight bind-
ing model including second next nearest neighbour atoms and trigonal warping. (b)
Potential scattering vectors between Rashba split surface state and giant spin-split
graphene dispersion. Transitions requiring a spin flip are prohibited, as well as tran-
sitions with same sign group velocities. (c) Resulting FT-LDOS produced by the
possible scattering vectors assuming spin-split graphene. (I) marks the scattering
vectors produced by scattering between spin-split surface state and spin-split gra-
phene, (II) shows possible scattering vectors for intervalley scattering of spin-split
graphene and (III) depicts all possible features assuming sufficiently large splitting
of both surface state and graphene states.
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tering contours surrounding the intervalley position may be noted. With respect to
purely graphene derived spin-splitting this is not surprising, as spin flip processes
between the potentially spin-split energy bands of graphene are suppressed for scat-
tering off non-magnetic defects. However, transitions between graphene cones and
surface states with equal spin texture, but opposite sign of ∇E(~k) should be visible
in mappings showing both states [176]. In order to illustrate the potential scatter-
ing processes and their corresponding signature in QPI maps, all allowed vectors
are schematically depicted in Fig (5.14) for energies below ED. Vectors connecting
constant energy contours of opposite spin polarization are prohibited.
The unsuccessful observation of such features hints towards an absence of large
and especially “giant” spin-splitting in graphene [189], which is more rigorously
supported by DFT calculations of the system under investigation. Due to the in-
creased distance between graphene and BiAg2 (111) surface compared to the gra-
phene/Au(111) system, in which transistions between substrate and graphene layer
have been observed [176], scattering transitions may also simply be of lower inten-
sity, as the surface state decays exponentially into the vacuum, thus reducing the
overlap between the respective orbitals. Spin-resolved ARPES experiments could be
a useful tool to clarify the nature and magnitude of any possible splitting as well
as the spin-texture in the band structure of graphene and might help to answer the
question of how to induce large spin-splitting in graphene.

Density functional theory

Density functional theory results of the fixed (B) and fully relaxed (C) system
considered in the previous section were also obtained to assess the behaviour of
the Dirac fermions of the graphene layer itself. The position of the Dirac point was
determined as ED − EF = −545meV (B) and ED − EF = −590meV (C), which is
for both slightly lower than the value determined experimentally, but also shows a
clear n-doping of graphene.
While there is no sign of an energy gap in the fixed system (B), a gap opens up
in the π states of graphene upon relaxation of C, Bi and Ag atoms (System C) as
presented in [198]. The gap has a width of approximately 95meV. However, no spin
splitting can be observed for the graphene π states, despite the strongly Rashba-
split BiAg2 surface allow underneath graphene. This supports the lack of additional
scattering features in QPI measurements. This can partially be attributed to the
relatively large graphene-substrate distance of ≈ 3.3Å which is much larger than
the arbitrarily chosen graphene/substrate distance of 2.3Å inducing the proposed
giant Rashba splitting in graphene on diluted Au [189].
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6 | Decoupled graphene on
semiconducting Ge(110)

As presented exemplarily in the previous chapters, the growth of graphene nano-
structures as well as extended layers on metallic substrates has made tremendous
progress in recent years. By now, the changes in the electronic properties of graphene
upon interaction with the underlying substrate as well as the composite properties
of such stacked systems are increasingly well understood due to a multitude of stud-
ies [15,24,28,46,66,176].
Albeit presenting an essential alternative for graphene nanodevice contacts, these
graphene-metal systems have substantial drawbacks with respect to costs, contami-
nation and applicability. In order to avoid deleterious contamination by metal atoms
during growth or transfer, it would be preferable to grow graphene directly on insu-
lating or semiconducting substrates like SiC [18–23], as such a level of contamination
is unacceptable in modern microelectronics [238–240]. Transferring graphene grown
on transition metal substrates to insulating supports is also subject to further pro-
cesses limiting the layer quality besides metal atom contamination. Those include
the creation of wrinkles, cracks and impurities introduced by organic solvents and
supports [241]. Researchers thus strive for the development of fabrication methods
directly on semiconducting or insulating substrates that will rid the nanoelectron-
ics industry of quality degrading graphene transfers [241,242] and will finally bring
about the revolutionary commercialization of graphene [243,244].
Despite its well-controllable quality, graphene growth on SiC is still not the ulti-
mate solution to the mentioned challenges, as high-quality SiC substrate wafers are
still quite costly and furthermore require rather high processing temperatures above
1300◦C [19,23]. Other options include semiconducting Si and Ge bulk wafers as well
as thin film systems, which have gained increasing technological relevance in recent
years [241,242,245].
While Si single crystals are currently easily available in cm size dimensions, as are
Ge and Ge/Si wafers, they are technologically unfavorable compared to Ge or Ge/Si
systems for a number of reasons [242]: the formation of a carbidic phase at high
temperatures [246–250], comparatively higher catalytic activity and low carbon sol-
ubility of Ge facilitating graphene monolayer growth, preferentially oriented growth
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of graphene due to anisotropic lattice directions of low-index surfaces which leads to
the growth of single - rather than polycrystalline graphene monolayers [242,251,252]
and similar thermal expansion coefficients of graphene and Ge preventing the large
scale formation of wrinkles following the growth process. Owing to these convenient
factors, growth of graphene has been successfully attempted on Ge and Ge/Si sub-
strates with a rich variety of methods [242, 245, 251, 253–261] including MBE and
CVD processes.
Despite being the most technologically relevant low index face of Ge, Ge(001) ex-
hibits strong facetting, i.e., Ge(107) facets, observed with SEM and STM [252,254,
257] upon graphene growth, thus rendering this crystal plane in fact less techno-
logically applicable for further processing than the (1 1 1) and (1 1 0) face. Com-
parative studies of graphene on the (1 1 1) and (1 1 0) with STM, LEED and Ra-
man spectroscopy confirm that graphene as well as the covered Ge surface is only
weakly corrugated during graphene growth independent of the presence of hydro-
gen [242,251,254,261] and no chemical bonds form between graphene and substrate,
as inferred from DFT binding energy calculations of both systems [251].
While growth, reconstructions and graphene orientation have been widely studied,
there are only few reports on the electronic structure of graphene/Ge [254,255,261].
First studies hint at a preserved freestanding character of p-doped graphene with
linearly dispersing π bands in the vicinity of ED at ED = 0.185 eV. In order to exploit
its technological relevance, a much deeper understanding of the electronic structure
is of the essence. Therefore this chapter summarizes and interprets the conducted
studies on the electronic properties of graphene itself and the formed composite sys-
tem by means of STM, STS, LEED, Raman spectroscopy, ARPES, XPS, C K-edge
ELNES and EELS, which are already partly presented in publications by Tesch et
al. [261,262].

6.1 Graphene growth on Ge(110) from an atomic carbon source

Different coverages up to full monolayers of graphene were grown on the clean
Ge(110) surface, as previously prepared by the technique described in Chapter 3.2.
Depending on the method, the Ge sample was annealed either in direct current or
resistive heating mode both during crystal cleaning and graphene growth. A photo-
graph of the sample mounted in the resistive configuration during C evaporation is
presented in Fig. (6.1)(b). Due to the low sticking coefficient and catalytic activity
of Ge(110), a carbon sublimation source producing atomic carbon is required for a
full-UHV preparation at low pressure. The carbon atoms reaching the hot Ge surface
then coalesce to form a full graphene layer.
The surface quality was assessed with the help of non-local methods such as LEED,
NE PES (non-monochromatized He II line), and XPS (non-monochromatized AlK
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Figure 6.1 | Growth of graphene on Ge(110) from an atomic carbon
source. (a) Atomic carbon deposition on clean Ge(110). (b) Following a Ge cleaning
procedure consisting of several cycles of sputtering and annealing, graphene growth
is performed on hot Ge(110). The photograph shows the Ge(110) single crystal
mounted on a W sample holder and heated with resistive heating in UHV during
deposition. (c) Room-temperature STM topography and LEED image at 38.0 eV of
clean Ge(110) surface after direct heating. (d) Room-temperature STM topography
and LEED image at 80.7 eV of GNFs/Ge(110). Imaging parameters: (c) VT = +2.5V,
IT = 500pA, (d) VT = +0.02V, IT = 1000pA.

line and synchrotron beam energy of 100 eV), ELNES and EELS as well as locally
resolved with STM as summarized in Fig. (6.1).

6.2 Structural properties of clean Ge(110)

While the unrelaxed (1 1 0) surface of the Ge fcc lattice exhibits atomic zigzag
chains aligned with the [1 1 0] direction of the rectangularly symmetric unit cell,
sample annealing in different temperature ranges yields a variety of complex re-
constructions in order to minimize dangling bonds [251, 263]. Such reconstructions
are essentially pentagonal ordered Ge adatom phases subject to temperature de-
pendent first-order disordering phase transitions. Most notable among those are
(16 × 2) and c(8 × 10), as well as {17 15 1} facets at the step edges of both recon-
struction types [254,263–269]. A topographic, analytical and reciprocal overview of
the predominant surface reconstructions is compiled in Fig. (6.2). The c(8 × 10)
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Figure 6.2 | Structure of the Ge(110)-c(8 × 10) reconstruction on the
surface of clean Ge. (a) Structural model of Ge atomic zigzag rows and pentagonal
Ge adatom zigzag chains (highlighted in green and shown explicitly for one of the
tetramer clusters). The Ge(110)-c(8× 10) unit cell is indicated by the dashed black
line. (b) STM topography of c(8 × 10) phase on a terraces decorated with {17
15 1} facets. (c) LEED image obtained at 35 eV clearly exhibiting a predominant
surface coverage of Ge(110)-c(8× 10) due to rapid cooling after annealing. Imaging
parameters: (b) VT = 3.0V, IT = 50pA, T = 42K.

structure is the result of fast sample cooling following an annealing procedure at
temperatures above 380◦C, whereas (16×2) forms in a rather slow process from the
high-temperature disordered (1× 1) structure below 430◦C. Another phase, (8× 2),
is also observed for rapid cooling from high temperature, which is comparable to the
(16×2) reconstruction, but differs in the appearance of the top Ge layer, due to the
lack of the alternating (1 1 0) toplayer, characteristic of the (16× 2) phase.

6.2.1 The Ge(110)-c(8× 10) reconstruction

The (8×10) phase of the Ge(110) surface is the predominant structure observed
in both LEED as well as direct, local measurements such as STM. A characteristic
feature of this reconstruction are zigzag atomic rows separated by wide and deep
valleys which are aligned with the [1 1 0] direction [265, 269] schematically depicted
in Fig. (6.2) and in the inset of Fig. (6.1)(c).
This metastable c(8 × 10) phase forms during rapid cooling from higher tempera-
tures as five-membered Ge adatom clusters align as zigzag chains along the [2 2 5]
direction on the flat (1 1 0) toplayer. These zigzag chains are well ordered and con-
sist of tetramers of such distorted pentagonal Ge clusters, which are visible as bright
protrusions in STM. Depending on the atomic arrangement of each five-membered
cluster within such a tetramer, two different zigzag chain alignments are possible,
forming parallel rows along the [2 2 5] or the [2 2 5] direction. Transitions between
the two tetramer types thus mark the turning points of aligned rows. Even at these
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Figure 6.3 | STM topography of Ge(110) and schematic depiction of
the Ge(110)-(16x2) phase. (a) Large scale STM image of clean Ge(110) with
large reconstructed terraces obtained at room temperature. (b) Zoom onto Ge step
edge displaying the characteristic zigzag chains due to surface reconstruction. (c)
Structural model of the Ge(110)-(16x2) phase with zigzag chains running along the
up-down-up-down reconstructed (1 1 0) surface. Green circles mark the position of
the characteristic distorted pentagonal Ge adatom clusters of the Ge(110)-(16x2)
unit cell indicated by a black dashed line. Imaging parameters: (a) VT = 2.5V,
IT = 1000pA, (b) VT = +2.5V, IT = 300pA.

domain boundaries, the two distinct tetramer types can be distinguished, identifying
those tetramers as essential building blocks of the c(8 × 10) structure [269]. Those
two domains of the c(8 × 10) phase are present on the Ge(110) surface, related as
mirror reflections in the (001) plane [263].
The interaction between pentagon-pentagon pairs within one tetramer is very strong,
forming the building blocks for the zigzag rows, which are in turn held together by
tetramer-tetramer interaction. This interaction is attractive in the [2 2 5] and the
[2 2 5] directions, while it is repulsive for all directions perpendicular to the rows [269].
The size of the c(8× 10) unit cell is therefore 32.0× 56.6Å2 [265].
Depending on the temperature gradient during the phase transition, extended ter-
races of (8× 10) are the result of rapid quenches, while gradual cooling yields com-
paratively small c(8 × 10) regions and more disordered pentagonal adatom clus-
ters [265,269] or regions showing the (16× 2) reconstruction.

6.2.2 The Ge(110)-(16× 2) reconstruction

The growth of the (16× 2) phase is much slower than all other growth processes
and occurs only for a temperature range below 430◦C, as the sample is continu-
ously annealed or gradually cooled. In order to completely convert the transient,
metastable c(8 × 10) structure to the stable ordered (16 × 2) phase, the substrate
has to be annealed over the course of several days [265, 266]. The formation of
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(16× 2) originates at {17 15 1} facets and propagates away from the the step edges
in a stripe-by-stripe fashion at a periodicity of 52.3Å [266].
In order to minimize the surface energy, separated zigzag atomic rows aligned with
the [1 1 0] direction form for both the Ge(110) and Si(110) surface [265, 266]. This
structure can be further stabilized by the adsorption of adatoms at characteristic val-
ley sites, where they can establish four bonds to Ge atoms within the neighbouring
Ge atomic zigzag chains, rather than relaxing previously existing bonds. If arranged
in distorted pentagonal clusters of five Ge adatoms, three of which sit in valley sites
and two adatoms occupy bridge positions, the energy of the system is lowered fur-
ther. The resulting five-membered clusters can in turn form zigzag chains along the
[1 1 2] direction, their height depending on the terrace on which they are assembled,
since due to the adsorption of these pentagonal clusters, the layer spacings further
into the crystal are changed considerably [266].
The geometrical shape of the underlying toplayer of Ge exhibits a series of double
rows, with every second row protruding from the flat surface. These (110) terraces
combined with the adsorbed pentagonal adatom clusters make up the (16× 2) sur-
face reconstruction as shown in Fig. (6.3)(c).
In fact, the unit cell of the Ge(110)-“(16× 2)” phase is not exactly orthogonal with
dimensions 52.3 × 13.9Å2, but rather

√
171 ×

√
6 with respect to bulk Ge and is

thus only approximated with the given structure [265].

6.2.3 The Ge(110) {17 15 1} facets

Besides the two main extended reconstructions of the Ge(110) surface, {17 15 1}
facets are commonly observed. These facets form at the same growth temperatures
as the (16× 2) phase, however, growth at the fluctuating step edge bunches occurs
much faster than (16× 2). Therefore the {17 15 1} facets often serve as nucleation
sites for (16× 2) propagating in [1 1 2] and [1 1 2] direction along the step edge. Un-
like for Si(110) there is no temperature offset for the growth of {17 15 1} facets and
(16 × 2) phase, the ordering transition takes place at below 430◦C for both recon-
structions, such that both phases coexist after cooling [265].
The angle of inclination of such {17 15 1} facets from the (110) plane is 4.38◦, due
to the ascending or descending (110) terraces. This is contrary to the (16 × 2) re-
construction, which exhibits double rows of up-down-sequences [265,268].
Atomically resolved STM images hint towards four-membered clusters of Ge adatoms,
rather than the pentagonal clusters observed for c(8×10) and (16×2), that lower the
energy of the surface, by eliminating dangling bonds. Those tetramer clusters can
arrange themselves in zigzag rows decorating the [1 1 2] and [1 1 2] step edges [268].
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6.3 Structural properties of graphene/Ge(110)

6.3.1 Assessment of graphene coverage and disorder using Raman
spectroscopy

Graphene/Ge(110) samples with various graphene coverages due to different
atomic carbon deposition rates and times were investigated by means of Raman
spectroscopy, in order to assess the quality of the produced graphene flakes as well
as the layer structure (presence of mono- or multilayers).
Raman spectroscopy is a surface sensitive, generally non-destructive investigation
technique that allows for a local study of surface vibrational modes. Monochromatic
light from a laser is shone onto the sample surface and the light scattered off the
sample is detected with the help of a Raman spectrometer. The better part of the
detected light is due to elastic (Rayleigh) scattering of the exciting laser light, but a
small fraction experiences a shift in wavelength due to vibrational interaction with
the molecules at the sample surface. This so-called Raman shift is an indication for
vibrationally active modes of the investigated structure. High intensity bands char-
acteristic in the Raman signature of graphene are the D, the G and the 2D bands,
which are related to lattice disorder, in-plane lattice vibrations and two phonon vi-
brational processes, respectively [242,253,270–273].

The spectrum obtained with a blue linearly polarized laser of wavelength of λLaser =
488 nm is displayed in Fig. (6.4). It comprises an average over 350 individual spectra
with an integration time of 30 s and automated cosmic ray removal (CRR) filter-
ing. Raman experiments were carried out with an Alpha 300 confocal microscope
with Raman extension and a WiTec UHTS 300 spectrometer. The used CCD sen-
sor is a DU970N-BV with electronic pre-amplification. The laser power was set to
PLaser = 2.0± 0.2mW, in order to avoid overheating of the sample. The sample was
furthermore placed on a thick slab of Si in order to allow for sufficient cooling.
The magnification was set to 50× yielding a numerical aperture NA of 0.7. A wider
aperture angle results in the acquisition of a stronger Raman signal, however, also
broadening the spread of phonons in reciprocal space, at which the light is scattered.
For an exactly perpendicular incident angle, i.e. an aperture angle of virtually zero,
the interaction is limited to a much smaller number of phonons. The setting of the
numerical aperture is thus a trade-off between signal strength and limiting phonon
contributions leading to non-perpendicular incident light.
A 100µm fibre was used as pinhole in the confocal setup. As the confocal user mode
was slightly hampered due to the chosen magnification, the lateral and depth reso-
lution was decreased in order to gain a larger signal. The focal plane was determined
by focusing on a strong Ge mode, resulting in a focal plane slightly within the Ge
substrate. The resulting point spread function of the fibre, an elongated ellipsoid
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Figure 6.4 | Raman spectroscopy of graphene/Ge(110) with virtually full
monolayer coverage. The spectrum obtained with a λLaser = 488nm laser clearly
exhibits the characteristic graphene D, G and 2D peaks. The Raman spectrum is
displayed such that the elastic Rayleigh scattering denotes a Raman shift ∆ω of
0 cm−1. The inset shows a stitched overview of the sample geometry, the white bar
in the lower left corner corresponds to a length of 1mm. Raman experiments were
performed at the center of the crystal, as the edges show strong carbon contamination
from the clamping and other fabrication steps in the direct heating sample holder.

aligned with the surface normal, thus included both the signal from the underlying
Ge substrate as well as light scattered on the graphene monolayer.
The characteristic graphene peaks, namely D, G and 2D, observed in the Raman
spectrum, are fitted with a Lorentzian to obtain the position of the peak maximum as
well as the FWHM. The peaks are determined at the following Raman shifts: ∆ωD =
1365.61 ± 0.18 cm−1, ∆ωG = 1598.70 ± 0.26 cm−1 and ∆ω2D = 2726 ± 0.26 cm−1.
The peak at 2329 cm−1 and the weak shoulder at 1556 cm−1 are due to atmospheric
oxygen and nitrogen [253,261].
The G peak arises from in-plane lattice vibrations of the sp2 bonds within the gra-
phene layer and exhibits a FWHM of 49.97±1.10 cm−1. Observing the G band thus
indicates the presence of ordered C–C sp2 bonds, i.e. graphene. The FWHM of the
2D peak is 63.91 ± 1.38 cm−1, which is rather broad. As the second harmonic of
the disorder related D peak, its intensity is a measure of the number of graphene
layers in the system. The relatively low 2D/G intensity ratio of 0.51 indicates the
formation of graphene patches on the Ge(110) surface. The observed high intensity
of the D peak (ID/IG = 1.71) arising from lattice disorder also hints towards the
patch-like structure of our graphene sample on Ge(110) with a large contribution of
the flake edges in the resulting Raman signal [261].
Compared to CVD grown graphene, the lattice disorder is higher [241, 242, 254],
but agrees well with the quality of graphene grown by atomic carbon deposition on
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Figure 6.5 | Resulting graphene domain orientation for high and low
growth temperatures. (a) Growth of graphene domains oriented in one primary
direction aligned with the [1 1 0] vector. The flake inset shows an atomically resolved
graphene/Ge(110) lattice for illustration purposes. (b–c) LEED images obtained
at 30 eV and 75 eV, respectively. The low energy photograph allows to identify the
direction of the Ge(110) lattice, while the higher energy LEED image clearly displays
one predominant orientation of graphene flakes. (d) Growth of graphene flakes at
lower temperatures yields two main flake orientations. (e–f) LEED images recorded
at 30 eV and 75 eV for comparison to the one-domain sample. While the lattice of
Ge looks similar to (b), two clear domain orientations are distinguishable, each 15◦
rotated with respect to [1 1 0].

other low index faces of Ge [253]. The majority of the D peak intensity comes from
the flake edges of the not completely closed monolayer and an increase in coverage
actually leads to a reduction in D band intensity, as domains coalesce and domain
boundaries and dangling bonds are eliminated.

6.3.2 Elucidating the atomic structure of the Sb intercalated
graphene-Ge(110) interface

Depending on the growth temperature, different graphene domains form on top
of the Ge(110) surface. In the temperature range from 860−875◦C two different ori-
entations of graphene are observed that are rotated by an angle of 30◦ with respect
to one another. For growth temperatures of up to 900◦C, only one single domain ori-
entation persists after the growth process, in which the graphene armchair direction
is aligned with the [1 1 0] direction of the Ge(110) substrate. Higher temperatures
were not attempted in order to prevent complete or partial melting of the crystal
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surface.
LEED images of both preparation temperature ranges are compiled in Fig. (6.5), al-
lowing to identify the single or two rotational graphene domains and their orientation
with respect to the underlying Ge lattice. Slight angular variance of the predominant
graphene orientation is visible for both fabrication types, as can be seen from the
graphene lattice LEED spots smeared out over the circular contour of radius ~bgr.
While the armchair direction of graphene flakes grown at higher temperatures are
aligned with the [1 1 0] direction, the two domains types prepared at lower temper-
atures exhibit an alignment with vectors at an angle of 15◦ to the [1 1 0] direction
as observed previously [251, 274]. This angular arrangement has also been reported
by Kiraly et al. [254], for graphene grown by CVD on the (1 1 1) and (1 1 0) surface
of Ge. In contrast to the claim by Lee et al. [242, 254], the chosen growth method
rules out the influence of hydrogen-termination of Ge on the alignment [251,261] of
graphene on Ge(110), since the preparation is carried out solely in UHV without the
use of excess CH4 or H2 gas.
Another feature observed during graphene growth is a rearrangement of the original
c(8× 10) surface reconstruction and the formation of a (n× 2) structure, the exact
nature of which is yet to be thoroughly investigated, as the intensity of the observed
LEED patterns is too weak to allow for a definite conclusion (compare Figs. (6.1),
(6.2) and (6.5)).
Graphene grows very flat on Ge(110) with only a small corrugation. Depending on
the applied bias voltage, tunnelling in either the substrate or the graphene layer
is prevalent, which allows to disentangle contributions from graphene and sub-
strate. At high bias voltages, one can clearly distinguish the newly reconstructed
lattice of Ge underneath the virtually transparent graphene layer, while for small
bias voltages close to EF the atomic lattice of graphene is much more easily re-
solved. This effect has also been observed in several other systems, among them
graphene/Cu(111) [103]. The resulting different tunnelling transparency of graphene
is compiled in Fig. (6.6).
Due to the rather high preparation temperatures, Sb dopant atoms segregate at the
graphene-Ge interface. Those can be visualized at high positive tunnelling voltages,
as they produce very localized, bright STM intensity at various positions on the Ge
lattice. Albeit fluctuating across the graphene/Ge surface due to different local an-
nealing temperatures and dopant concentration, the dopant density at the interface
can roughly be estimated as 20 dopant atoms in a 20 × 20 nm2 field of view. Their
influence on the doping level of graphene is investigated in the following section. The
exact determination of the dopant position is facilitated by an on-the-fly switch from
high to low bias and vice versa, identifying graphene lattice as well as approximate
respective dopant location.
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Figure 6.6 | Bias dependent topographies of graphene/Ge(110). (a–g)
Atomically resolved graphene on Ge(110) displaying a very strong bias dependence.
Large bias voltages allow tunnelling processes into the substrate, thus resolving the
structure of Ge, while small bias voltages enable atomic resolution of the graphene
atomic honeycomb lattice. At large positive bias, randomly distributed Sb dopant
atoms become clearly visible as bright protrusions from the underlying substrate
just below the graphene monolayer. (h) On-the-fly bias switch from large positive
to small positive bias voltage emphasizing the change in STM sensitivity from Sb
dopant atoms to graphene atomic lattice. The flat, reconstructed Ge substrate is
covered by an only minimally corrugated layer of graphene. Imaging parameters:
(a)–(g) IT = 400pA, T = 12.1K, (h) IT = 400pA, T = 10.6K.

In order to assess the structural and electronic changes due to doping, a DFT opti-
mized model crystallographic structure of the graphene/Ge(110) interface was cal-
culated by E. Voloshina1 in the Tersoff-Haman formalism [83], which allows to deter-
mine the influence of dopant concentration as well as location with respect to both
lattices. The resulting simulated STM image of a clean gr-Ge interface calculated
for the experimentally set bias voltages is shown in the right-hand side of the atomic
model panel, Fig. (6.7)(a). Assuming a doping of a full monolayer, on the other hand,
i.e. 27 Sb atoms per (9× 9) graphene-related supercell (i.e. graphene/Sb/Ge(110)),
the calculated STM image exhibits pronounced areas of the high electron density
imaged as bright patches, which clearly resembles the experimentally observed cor-
rugation (compare Fig. (6.7)(b–c).
Upon a variation of the bias voltage between −2V and 2V (see Fig. (6.6)) and
between 0.1V and 1V (see Fig. (6.7)), the bright protrusions in the graphene layer
can be assigned to the agglomerations of the impurity atoms which segregate at
the graphene/Ge(110) interface and contribute strongly to the imaging contrast.
Segregation occurs during the sample preparation routine, i.e. sample sputtering or

1 Humboldt-Universität zu Berlin, Institut für Chemie, 10099 Berlin, Germany
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Figure 6.7 | DFT calculated STM intensity of the graphene/Ge(110) in-
terface. (a) Atomic model of a clean graphene/Ge(110) interface without dopants
and the corresponding STM image at low and high bias. (b) Sb intercalated mono-
layer at the graphene/Ge(110) interface results in bright patches in the correspond-
ing DFT simulated STM image. (c) Experimentally observed morphology of the
doped graphene layer on top of bulk segregated Sb atoms. Depending on the applied
bias voltage (changed on-the-fly), different impurity types and positions become
more or less pronounced. Imaging parameters: (c) IT = 400pA, T = 10.6K.

high-temperature annealing during carbon deposition, and produces a non-negligible
dopant concentration at the graphene-Ge interface. Despite the differences in the
positioning of the Sb dopant atoms (ordered Sb monolayer for the DFT model and
disordered Sb agglomerates in the experiment), the experimental and theoretically
calculated STM images exhibit a rather good agreement concerning the surface cor-
rugation, which is heightened locally due to the dopant atoms at the interface [262].
STM experiments performed on the large scale and at different bias voltages allow
to obtain information on the thickness of a graphene layer and to resolve the atomic
structure of graphene and the Ge(110) substrate underneath. The horizontal height
profile taken across a flake edge yields a height difference of ≈ 3.2Å between the
clean and graphene covered Ge(110) surface. This value is in very good agreement
with the graphene–Ge-adatom distance of ≈ 3Å obtained in the recent density
functional theory (DFT) calculations for this system [251]. An average height of
3.7− 3.8Å between the graphene sheet and Ge(110) surface atoms was obtained in
these calculations. This confirms the conclusion about the monolayer-thick graphene
patches on Ge(110) in the investigated samples [261,262].
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Figure 6.8 | Quasiparticle interference of graphene/Ge(110). (a) Atomi-
cally resolved topography of the graphene lattice with few strongly scattering defects.
(b) Atomically resolved dI/dV mapping of the area presented in (a). (c) FFT of
the dI/dV map with zooms of the marked intervalley scattering rings. (d) Inferred
linear dispersion of Dirac fermions from scattering maps obtained at different bias
voltages of the same region. Imaging parameters: (a)&(b) VT = 0.2V, IT = 800pA,
Vmod = 10mV, fmod = 693.7Hz, T = 10.6K, B = 6T.

6.4 Electronic properties

6.4.1 Quasiparticle interference

In order to gain information about the dispersion of graphene electrons, QPI
mappings were carried out on extended graphene flakes on flat Ge(110) terraces.
Besides the atomic lattice of graphene, the characteristic signature of graphene
inter- and intravalley scattering becomes apparent at lattice imperfections, impu-
rities, wrinkles and flake edges (see Fig. (6.8)(a)).
In the fast Fourier transform, those features can be identified at the (

√
3×
√

3)R30◦

position with respect to the atomic lattice (intervalley) and at the centre of the
FFT as well as around the atomic spots (intravalley). Zooms onto the intervalley
scattering contours are presented in a different contrast for better visibility.

The contour of the observed scattering rings is virtually circular, hence indicating
a much smaller level of doping than for the previously observed graphene/BiAg2
(111) system. Due to the smaller regions of space suitable for QPI mapping, the
features are slightly blurred and broad, resulting in a rather large uncertainty of the
obtained values. Recording QPI maps at several different energies allows to trace the
available vectors for intervalley backscattering and thus the dispersion of graphene
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charge carriers. As the graphene/Ge(110) system is still not in the trigonal warping
regime due to its comparatively low doping level, the data points were fitted with a
weighted linear regression also highlighting the 95% confidence interval displayed in
Fig. (6.8). The resulting linear dispersion agrees in its shape with the one predicted
by ARPES measurements carried out by Dabrowski et al. [255], however, exhibiting
an n-doping of 249±40meV. Previous studies have yielded different results concern-
ing the doping level, depending on the substrates under consideration, ranging from
p-doped graphene with a position of the Dirac point at ED−EF = 0.185 eV [255] or
marginal n-doping with ED −EF = 0.05− 0.1 eV [256]. The n-doping in the system
considered in this thesis is attributed to the segregation of bulk Sb dopants at the
graphene-Ge(110) interface during sample preparation. Although the first ARPES
data on the adsorption of Sb atoms on graphene/SiC pointed towards the possible
p-doping of graphene [275], more recent theoretical works on Sb intercalation in gra-
phene/SiC appear to infer an n-doping of graphene [276]. A similar effect of n-doping
of freestanding graphene upon Sb adsorption was also observed in experiment [277].
The value of the Fermi velocity vF = (1.82 ± 0.21) · 106 m/s at T = 10K is aston-
ishingly high and indicates a substantially enhanced electron-electron interaction
compared to fully screened graphene. With a dielectric constant ε = ∞, the Fermi
velocity of fully screened graphene is vLDAF = 0.95 · 106 m/s as calculated by DFT
local density approximation (LDA) [278]. This Fermi velocity renormalization oc-
curs upon graphene growth on the semiconducting substrate and can be related to a
change in dielectric function for the semiconducting substrate towards low tempera-
tures [279,280]. The effective dielectric constant is hereby defined as εeff = (εs+εv)/2,
denoting the dielectric constant on substrate and vacuum, respectively. As pointed
out by Hwang et al., Fermi velocity engineering can be realized by several differ-
ent techniques, such as a variation of the charge carrier concentration n as well
as a change in the dielectric constant ε. They claim that vF, which depends loga-
rithmically on n, can be substantially enhanced by an increase in electron-electron
interaction for a fixed value of the charge carrier concentration. The influence of
dielectric screening will also impact the properties of the system much less, thus
providing a viable option for device applications [279].
While the inversely proportional dependence of vF on the dielectric constant ε en-
hances the Fermi velocity for a decrease in dielectric screening, the linear disper-
sion relation of graphene close to the Dirac point is also affected. As observed
for the cases of graphene/SiC(0 0 0 1), graphene/h-BN and graphene/Quartz and
graphene/SrTiO3, the dispersion deviates from the linear slope expected for ideal
graphene. This deviation is also subject to the strength of electron-electron interac-
tion, observed most strongly for the low-ε system graphene/Quartz [279,281].
Another interesting feature observable in the FFT are larger broadened circular
contours surrounding the atomic spots of graphene. As they are rather blurred, it is
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Figure 6.9 | DFT calculated bandstructure of graphene/Ge(110). (a) Elec-
tron energy dispersion of the graphene π states in the vicinity of the K point for the
clean graphene/Ge(110) system showing a p-doping of the graphene-related bands.
(b) Energy dispersion of the graphene-related bands near the K point for the Sb-
intercalated graphene/Ge(110) interface, exhibiting clear n doping due to the seg-
regation of dopant atoms from the Ge bulk. [262]

not possible to resolve a dispersion of those standing wave patterns within the mea-
sured energy range. Those ringlike contours could potentially arise from Sb dopant
atoms within the toplayers of the Ge substrate or slightly deeper within the bulk,
as observed previously for the n-InAs(110) semiconductor [282, 283], but are not
quantitatively evaluated in this study.

The measured electronic energy dispersion of graphene π and σ states is supported
by the DFT bandstructure calculations of the clean and Sb intercalated interfaces
introduced in Sec. 6.3.2 [262]. The graphene/Ge(110) interface with the armchair
edge of graphene parallel to Ge [1 1 0] was modelled by a slab consisting of five Ge
layers, a graphene layer adsorbed from on top side of the slab and a vacuum gap of
approximately 23Å. The used supercell has a (9×9) lateral periodicity with respect
to the graphene layer and (4×4) lateral periodicity with respect to the unit cell of the
Ge(110) surface. The dangling bonds appearing at the bottom side of the slab were
substituted by H-atoms. The model of the clean interface reproduces the observed
p-doping of the graphene π bands obtained in experiments on graphene grown on top
of the Ge(001)/Si(001) epilayer in the absence of dopants from the bulk [255]. This
is depicted in Fig. (6.9)(a) with a Dirac point at ED − EF = 0.195 eV. Besides the
apparent upward energy shift of the bands, no further orbital overlap of graphene π
states and substrate states is indicated, thus resulting in a quasi-freestanding gra-
phene electronic structure [262].
The n-doping observed in experiments on graphene on Sb-doped Ge(110) is repro-
duced by the inclusion of Sb dopants at the interface. Mere implantation of the
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dopant atoms in the Ge bulk is not sufficient to reproduce the measured doping. Sb
atoms were evenly distributed at the interface between graphene and Ge and the
resulting crystal structure was allowed to relax. A concentration of 27 Sb atoms per
(9×9) graphene supercell, with Sb atoms initially located directly underneath the C
atoms, successfully reproduces the n-doped electronic bandstructure in the vicinity
of the K point, with a Dirac point energy of ED − EF = −0.170 eV displayed in
Fig. (6.9)(b). The doping level still varies locally in dependence of the exact dopant
atom positions, but the general trend of induced n-doping is preserved for different
positions and geometries.

6.4.2 X-ray photoelectron spectroscopy (XPS)

In order to study the growth of graphene and investigate the elemental composi-
tion as well as the cleanliness of the sample, XPS was carried out on clean Ge(110)
as well as graphene/Ge(110) samples. This method is not only sensitive to the core
level positions allowing for the identification of atomic species according to literature
values, but it also enables the tracking of any changes in local chemical bonding, as
those lead to slight shifts in core level position. This is particularly interesting for
ruling out any contributions of oxygen or hydrogen in the growth process.
Measurements were carried out in the synchrotron facility at BESSY II as well as
by means of a conventional X-ray light source. All measurements were performed in
UHV following a careful sample annealing procedure to 600−800◦C, i.e. immediately
after Ge cleaning, graphene growth or annealing following a non-UHV transport un-
der N2 or Ar atmosphere.
The obtained XPS data presented in Fig. (6.10) confirms the formation of a uniform
graphene sp2 structure. High-temperature deposition of graphene on Ge(110) fur-
thermore merely results in a damping of the Ge 2p XPS signal without any indication
of the formation of Ge-C bonds as induced from the analysis of the Ge-related XPS
peaks. The acquired data reveals a single sharp C 1s peak for graphene/Ge(110)
that confirms the homogeneity of the prepared graphene/Ge(110) system [261]. In
addition, slight n-doping of graphene can be inferred from the position of the C 1s
peak compared to the respective binding energies of other epitaxial graphene based
systems [284].
The sufficiently reduced presence of oxygen contamination is demonstrated by a scan
of the relevant binding energy range of the O 1s and the Sb 3d lines that exhibits
merely a relatively broad peak of negligible intensity compared to the characteristic
features of the other atomic species. Considering the transfer of the investigated gra-
phene/Ge(110) samples from UHV to N2 and Ar atmosphere via a short exposure to
oxygen in air in order to facilitate measurements at the synchrotron sites, the almost
complete monolayer of graphene effectively protects Ge from oxidation, thus result-
ing in very limited oxygen contamination after annealing. The considered energy
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Figure 6.10 | XPS of graphene/Ge(110). (a) Overview XPS survey of gra-
phene/Ge(110) exhibiting several characteristic peaks. Clearly distinguishable are
the elemental peaks of Ge and C, as well as the Auger intensity for carbon. No
large oxygen peaks are observed, so graphene growth seems to occur on a very clean
Ge(110) surface, which also recovers after annealing following the transport under N2
or Ar atmosphere. (b) Sharp C 1s peak indicating no additional binding to dopants
or the substrate. (c) Split Ge 3d (j = 5/2 and j = 3/2) peak recorded at a photon
energy of 100 eV, exhibits no shoulder towards higher binding energies indicative of
the absence of Ge-O and Ge-C compounds. (c) The very broad and low-intensity
peak in the region of the O 1s and the Sb 3d levels indicates a very limited oxygen
contamination.

range for O2 and Sb species is highlighted by the green rectangle in Fig. (6.10). Due
to the close positioning of the most pronounced peaks of both elements, it remains
impossible to identify the exact origin of the XPS intensity. The shape of the Ge 3d
peak also supports the claim of limited oxygen contamination, as no features associ-
ated with the formation of GeOx are observed in the surface sensitive measurements
of the Ge 3d line.
The additional feature marked as C KVV is related to the energy of Auger pro-
cesses, denoting transitions of valence band electrons which relax into the K core
level hole of carbon from the valence band or which are emitted from the C atom.
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Figure 6.11 | NE PES and C K ELNES spectra of graphene/Ge(110) and
comparable systems. (a) NE PES spectrum of graphene/Ge(110) to investigate
the occupied valence band states. The spectrum is compared to the clean Ge(110)
spectrum (rescaled by 0.2) and the reference spectrum of graphite measured by
Y. Dedkov2. (b) Carbon K ELNES spectra for graphene/Ge(110) compared to
reference spectra of graphene and graphene/Ni(111) [288] allowing for a probing of
the unoccupied states above EF [261].

The KVV-type transition of graphene corresponds an energy of 263 eV [285–287],
which matches the feature observed in the spectrum obtained at a photon energy of
700 eV.

6.4.3 Normal-emission photoelectron spectroscopy (NE PES)

Another method to probe the occupied valence band energies below the Fermi
level is NE PES, which allows to identify the graphene-related σ and π states. The
acquired data set is depicted in Fig. (6.11)(a) and clearly shows graphene-derived
π states [261]. The comparison to the graphite single crystalline data indicates a
shift of π and σ states towards higher binding energies, which can be related to a
doping of the graphene layer on Ge(110). The shift amounts to ≈ 1 eV and ≈ 0.5 eV,
respectively. This shift serves as a further indication of Sb dopants related doping
of graphene and supports the previously presented QPI, DFT and XPS data. The
reference spectrum of clean Ge(110) is scaled and presented alongside the graphene
data set for comparison, demonstrating the absence of graphene related features.

2 Fachbereich Physik, Universität Konstanz, 78457 Konstanz, Germany
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6.4.4 Energy-loss near-edge spectroscopy (ELNES)

A versatile tool for the investigation of the unoccupied states above the Fermi
level, which are inaccessible with the previously employed, conventional PES meth-
ods, is ELNES performed at the carbon K-edge, thus denoted CK-edge ELNES [261].
The unoccupied states are probed by the excitation of electrons from the C 1s core
level to the antibonding orbitals above EF, which is observable by a detector due
to the characteristic loss in incident beam energy corresponding to particular tran-
sitions. The primary electron beam is set to an energy of Ep = 700 eV, in order
to observe the transitions 1s → σ∗ and 1s → π∗ associated with the most notable
density of states above EF [289–292].

The resulting C K-edge ELNES spectrum of graphene/Ge(110), collected in the
specular-reflected electron-beam geometry, is depicted in Fig. (6.11)(b). It is com-
pared to theoretical ELNES spectra of graphene and graphene/Ni(111) [288]. For
the sake of comparability, the theoretical spectra were shifted in order to have the
first peak, associated with the 1s→ π∗ transition in the theoretical ELNES spectra,
coincide energetically with the according peak in the experimental spectrum.
The general shape of the ELNES spectrum of graphene/Ge(110) exhibits very good
agreement with the theoretical ELNES spectrum for freestanding graphene. Firstly,
both 1s → π∗ and 1s → σ∗ transitions exhibit a single peak at the respective
threshold, which can be interpreted as a signature of the weak interaction between
graphene and the Ge(110) surface. Furthermore the energy splitting between the two
transitions in the experimental spectrum is almost identical to the one deduced from
the theoretically calculated ELNES spectrum. As was shown in Refs. [288,293–295],
the value of this splitting as well as the modification of the shape of the 1s → π∗

transition can be taken as an indication for the sp2−sp3 re-hybridization of the car-
bon atoms, which arises as the result of interaction between the graphene sheet and
the underlying substrate or may also be due to the adsorption of different species
on top of the graphene layer [28]. A representative example of such spectral shape
modifications of the ELNES spectrum is presented next to the spectrum of free-
standing graphene for the strongly interacting graphene/Ni(111) interface. Besides
the strong n-doping of graphene on Ni, there is also a substantial intermixing of the
valence band states of graphene and Ni, resulting in a strong modification of the
energy distribution of the partial density of states of both elements [261]. This effect
is clearly observable in the ELNES spectra, upon comparison of weakly and strongly
interacting systems in Fig. (6.11)(b).
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Figure 6.12 | ARPES investigation of the electronic structure of gra-
phene/Ge(110) fabricated at lower growth temperatures. (a) CECs of a
sample with two main rotational graphene domains. The CEC thus exhibits 12 K
points, generated by two hexagons rotated by 30◦ with respect to one another. (b)
Energy spectrum of the two-domain sample along a line from Γ to K1 denoted in
(a).

6.4.5 Angle-resolved photoelectron spectroscopy (ARPES)

The two different sample types observed in LEED were naturally also observed in
ARPES measurements, such that the two-domain sample exhibits a total of twelve
Dirac cones with K points rotated by 30◦ with respect to one another displayed in
Fig. (6.12) and the single-domain sample only shows a total of six cones as con-
trasted in Fig. (6.13). While both data sets, representative of the respective growth
temperatures, exhibit a linear dispersion of the graphene π band with the wave vec-
tor ~k in the vicinity of the K point, there are a few other interesting features to
note.
For both growth modes, three-dimensional PES intensity data sets I(Ebin, kx, ky)
were obtained with photon energies of 50 eV and 100 eV for the single- and two-
domain sample, respectively. CECs at binding energies of −0.5 eV, −1.5 eV, −2.5 eV
and −3.5 eV (even −4.5 eV for the single-domain sample) clearly present the Dirac
cones located at the corners of the hexagonal BZ, namely the K points (see the
schematic drawing in Fig. (6.13)(f) for an identification of the most relevant high-
symmetry points and their position in reciprocal space spanned by the lattice vectors
of the slightly misaligned Ge crystal), as well as the band structure anisotropy to-
ward the Γ and theM point, which is visible as trigonal warping. The two equivalent
K points of the two-domain sample, which highlight the corners of the two BZ gen-
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Figure 6.13 | CECs of graphene/Ge(110) with one rotational domain due
to growth at higher temperatures. CECs at binding energies of (a) −0.5 eV,
(b) −1.5 eV, (c) −2.5 eV, (d) −3.5 eV, (e) −4.5 eV. All maps were obtained at a
photon energy of 50 eV and clearly show only a single rotational domain orientation
and thus six distinct graphene K points. (f) Schematic depiction of high-symmetry
points with respect to the presented CECs (not to scale).

erated by the two rotational domains are marked in the CECs by K1 and K2 for
proper identification in Fig. (6.12).

The corresponding energy dispersions along a line from Γ to K and from Γ to K1 are
presented in Fig. (6.14) and Fig. (6.12)(b), respectively. Here, the energy spectrum
of the two-domain sample exhibits additional bands besides the expected graphene-
related π bands making up the Dirac cone. While the π1 band disperses linearly
towards the Fermi level, another band, in this case identified as the π2 band related
to the 30◦ rotated graphene BZ, bends downwards at approximately 3 eV, which
corresponds the original band dispersion of this domain along the Γ−M direction.
The single-domain sample, on the other hand, solely shows the graphene-related π
band dispersing towards the K points as depicted in Fig. (6.14)(a) [262].
From the band dispersion of the π band and its cut-off at the Fermi energy, the
doping level of the graphene bands can be determined. Contrary to previous studies
by Dabrowski et al. [255], where graphene on undoped Ge was found to be slightly
p-doped, the graphene sheet exhibits a weak n-doping of −210±30meV, which con-
firms the results obtained in the very localized QPI measurements. This doping level
is hence again attributed to the presence of Sb dopant atoms from the Ge bulk at
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Figure 6.14 | Electronic energy spectrum of graphene/Ge(110) fabricated
at high temperatures. (a) ARPES spectrum along a line connecting two opposite
K points as marked in the sketch. In the vicinity of the K points, the spectrum
exhibits a linear dispersion. The whole data set was acquired for a photon energy
of 50 eV (b) ARPES intensity profile along ΓK for the determination of the Fermi
velocity. For each energy channel, the peak position is determined and marked with
a red circle. With a linear fit of the resulting data set, a Fermi velocity of vF =
1.34±0.29m/s is obtained. (c) Zoom onto vicinity of theK point for better visibility.
The data points slightly diverge from the linear dispersion due to the altered electron-
electron interaction in the presence of Ge as reported by Hwang et al. [279].

the graphene-Ge interface, which can be inferred from the corrugation and imaging
contrast in STM.
Another quantity that can be determined from the ARPES data sets is the Fermi
velocity. In QPI experiments at 10K, the obtained value is relatively high and can
be explained by the decreased dielectric screening due to the presence of the Ge
substrate [279]. In order to ascertain the dispersion, every energy channel along
a line connecting Γ and K was fitted with a single Lorentzian and the slope was
subsequently determined by linear regression. This yields a Fermi velocity of vF =
1.34± 0.29m/s, which is relatively high compared to the previously presented gra-
phene/metal systems, but smaller than that obtained by means of QPI at low tem-
peratures. This may be due to the temperature dependence and still agrees rather
well with the predictions made by Hwang et al. [279]. Electron-electron interaction
furthermore alters the shape of the Dirac cone, which is also visible in the data set
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Figure 6.15 | Plasma excitations in electron energy loss spectroscopy of
graphene/Ge(110). (a) EELS spectra of the plasmon excitations of the bulk and
surface of Ge(110) as well as graphene-related plasmons. The energies of the primary
electron beam is stated for each spectrum, while the spectra are shifted vertically
for better visibility. (b) Setup schematics for EELS measurements.

presented in the Dirac cone zoom of Fig. (6.14)(c). Instead of a linear slope, the
graphene-related π band steers away from the K point much faster at lower binding
energies, thus resembling the shape of a curved cone.

6.4.6 Graphene/Ge(110) plasmonic excitations

In order to investigate the nature of plasmons of the graphene-Ge interface,
EELS experiments were carried out for several incident beam energies. The work-
ing principle and experimental details of this method are given in Chapter 3. The
resulting spectra are compiled in Fig. (6.15)(a), displayed as an energy difference
from the corresponding primary beam energies for better comparability. All data
are presented in the energy range around the elastic peak (zero energy-loss). These
spectra reveal a series of peaks at ≈ 17 eV and ≈ 33 eV, which can be clearly as-
signed to bulk Ge plasmons, whose loss energy positions are independent on the
electron beam energy. Those features merely broaden towards lower energies, while
the general EELS intensity increases [261]. The peak at ≈ 9.5 eV loss energy, how-
ever, and the low energy shoulders can be assigned to surface-related transitions of
Ge(110) [296–299].
A variation of the primary beam energy allows to change the surface sensitiv-
ity of EELS as can be seen from Fig. (6.15). This leads to an increase of the
graphene-related signal in the EELS spectra as the energy of the electron beam
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decreases, which manifests itself as an increase in intensity within the energy range
of 3.5−6.5 eV as well as an increase of the overall background for the energies above
15 eV. The first feature is assigned to the so-called π plasmon [300–302], the energy
of which is determined as 6.33± 0.25 eV by multiple peak analysis. This cumulative
peak fit includes contributions from first bulk plasmon and surface plasmon of the
Ge substrate as well as the π plasmon of graphene. The second feature is connected
to an increase of the intensity of the π + σ plasmon as well as the increase of the
background of the low energy inelastically scattered electrons. The exact position of
the π + σ plasmon can, however, not be extracted from this data set [261].
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In this thesis, graphene patches of different shapes and sizes, ranging from 10 nm
to extended flakes of several hundred nm, were grown on a wide variety of substrates
employing substrate-specific growth methods. These include a combined approach
of temperature programmed growth on a catalytic Ir(111) surface followed by metal
intercalation of Au, Ag and Bi as well as atomic carbon deposition from a carbon
sublimation source onto a hot Ge(110) surface in order to compensate the limited
catalytic activity.
On all considered substrates, graphene growth yielded flat high-quality structures
with only few defects and little corrugation. The flakes’ edges are of predominant
zigzag configuration with short armchair perturbations and single-hydrogen termi-
nation, which prevents the formation of links between the substrate and the dangling
bonds of graphene flake edges. The main defect type observed on metallic supports
are rotational grain boundary defects, e.g. “flower” defects, with a density of approx-
imately 10 defects per 100× 100 nm2. Furthermore, graphene on metallic substrates
produces characteristic moiré contrasts due to a lattice mismatch and a possible
rotational misalignment of graphene and its underlying support. Depending on the
graphene-substrate distance and therefore on the overlap of orbitals from both sys-
tems, this effect can be both of topographic and electronic origin.
As the resulting interactions of graphene and its supports are manifold, the results
of this thesis elucidate three characteristic model systems, which in turn present a
comprehensive foundation for further research.

Confinement of graphene nanostructures

Comparing the scattering features of epitaxially grown elongated graphene nano-
flakes and extended graphene layers obtained from quasiparticle interference by
means of low-temperature scanning tunnelling microscopy and spectroscopy shows
clear footprints of confinement. While the general scattering features are rather small
for slightly p-doped graphene on the Au intercalated layer (ED = 0.24 ± 0.07 eV),
graphene on Ag(111) already shows a stronger n-doping of −0.56±0.08 eV and thus
much larger constant energy contours close to the Fermi level [46]. Despite the mea-
sured doping, the interaction between graphene and both noble metal substrates is
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rather weak, allowing to observe scattering processes intrinsic to quasi-freestanding
graphene. Up to a certain level stronger doping merely improves the visualization
of additional, confinement-related scattering features inside the conventionally ob-
served intervalley scattering rings of graphene sheets by increasing the number of
propagating modes. These rich additional signatures in the interior of the interval-
ley contour appear as fans of bright scattering intensity aligned with the elongated
flakes’ long axis. They are attributed to additional scattering channels between the
confined system’s transverse modes as observed for graphene nanoribbons [118].
The alignment with the long axis of the elongated flake is related to a limited
quasiparticle lifetime, which reproduces the scattering processes in infinite graphene
nanoribbons independent of the flakes’ rough edges and irregular geometry. Due to
the limited lifetime, confinement is therefore solely maintained along the short axis
of the flake with a width of up to 100 nm, resulting in ribbon-like scattering features.
For larger lateral constriction widths, confinement features become increasingly more
faint, until conventional intervalley scattering is restored for extended flakes of sev-
eral hundred nm in each spatial direction.
One major difference in the scattering features of confined flakes to those of infinite
graphene ribbons with rough edges is the restoration of the intravalley scattering
contour centered at ~q = 0 in the FT-LDOS, which is implemented via breaking of AB
sublattice symmetry at rotational grain boundary sites, as observed experimentally.
Broken sublattice symmetry then leads to a relaxation of the pseudospin selection
rule and hence a ringlike contour at the centre of the FT-LDOS. Tight-binding cal-
culations of realistic model flakes serve to support the experimentally obtained data
and identify the different scattering contributions [47].
Especially within the framework of device miniaturization, graphene confinement
and the influence of single impurities should be well understood. While these studies
of constricted graphene systems already provide fundamental insights with regard to
the local electronic changes induced by defects, the effects of different edge configura-
tions remain an open field of research. Depending on the flake geometry and decou-
pling from the underlying substrate the observed scattering features at the edges of
graphene nanopatches and quantum dots strongly vary and the standing wave pat-
terns provide information about the present edge potentials [65, 303]. Furthermore,
as localized edge states have been proposed for zigzag graphene ribbons [180, 304],
large segments of zigzag edges on graphene nanoflakes may infer similar electronic
properties. A more detailed spectroscopic investigation of graphene nanoflake edges
is therefore a matter of immediate scientific and technological interest.
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Graphene and spin-orbit coupling

In order to increase the small intrinsic spin-orbit coupling of graphene and ex-
ploit it for spintronics devices, several systems have been proposed that could po-
tentially enhance spin-orbit splitting [189, 190, 192]. Among them is the fabrication
of graphene on heavy atom diluted systems, such as diluted Au on Ni(111) or the
surface alloys BiAg2 and PbAg2. In the course of this thesis, large flakes of epitaxial
graphene were prepared on BiAg2 by intercalation between graphene/Ir(111). This
growth mode grants a large flexibility regarding the size of graphene flakes as well as
the rotational alignment of graphene on the surface alloy. Low temperature scanning
tunnelling microscopy and spectroscopy demonstrates an n-doping of −400±30meV
of graphene/BiAg2 (111), leaving the linear dispersion of graphene charge carriers
intact near the Dirac point.
The electronic structure of BiAg2 exhibits a strong Rashba-splitting [195] of the sur-
face state bands, which were mapped out on the pure as well as the graphene-covered
BiAg2 surface. In contrast to the previously presented systems, graphene/Au(111)
and graphene/Ag(111), the surface state experiences a downward shift in energy
upon graphene adsorption, while rendering the spin-texture unaffected by the pres-
ence of graphene [198, 216]. This unexpected shift observed in experimental obser-
vations was interpreted in the framework of auxiliary DFT measurements [198] that
allow to attribute it to an inward relaxation of the Bi atoms of BiAg2 into the Ag
layer upon graphene adsorption, thereby inducing a delocalization of the surface
state wave functions.
Despite the predictions of a giant spin-orbit splitting in graphene induced by the
underlying substrate, a sizeable spin-splitting of graphene can be ruled out for the
graphene/BiAg2 surface alloy system. The π bands of graphene are indeed influ-
enced by the proximity of the substrate layer, as indicated by the doping-induced
band shift, but neither quasiparticle scattering measurements nor DFT calculations
validate the presence of a splitting. However, graphene-protected systems may yet
be found that result in a favourable hybridization of substrate bands with the π
bands of graphene. The inert nature of graphene is particularly interesting, when
brought in contact with materials which exhibit ferromagnetic order or strong spin-
orbit interaction [194, 305–308], such that the interface of the combined structure
may produce exciting novel properties of the system as a whole. Beneficial graphene-
substrate interaction might induce magnetism in graphene [293] or the desired spin-
orbit splitting [189, 193], not observed for case of graphene/BiAg2 due to the lack
of hybridization. Graphene may then be used as a valuable component in spintron-
ics devices. Even though graphene/BiAg2 fails to show the desired giant spin-orbit
splitting, this system still exhibits coherent transport of the electron spin and can
therefore readily be utilized in the development of functional electronic units that
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require coherent long-distance transport of both spin and pseudospin.

The graphene/semiconductor interface

While well-defined patches of graphene can be epitaxially grown on metallic
surfaces, most technologically relevant device components require an insulating or
semiconducting support. In this thesis, high-quality graphene growth is therefore
demonstrated on the (110) surface of Ge. While Ge(001) is the technically most
relevant high-symmetry surface of Ge, graphene growth on this face leads to funda-
mental restructuring and facetting of the underlying substrate [252, 254]. Ge(110),
on the other hand, exhibits only minor restructuring upon graphene growth [261].
Graphene is grown from atomic carbon evaporated from a carbon sublimation source
onto a hot Ge substrate. Depending on the growth temperature different rotational
domains are observed. For temperatures close to the substrate melting point this re-
duces to a single domain orientation as supported by low-energy electron diffraction
and photoelectron spectroscopy. The resulting graphene layer is of a high quality and
can be grown at virtually monolayer coverage. Electronically, the quasi-freestanding
nature of graphene was confirmed with an n-doping of the graphene π bands amount-
ing to −249 ± 40meV due to the presence of Sb dopants within the Ge bulk that
segregate at the graphene-Ge interface during graphene fabrication [261, 262]. In
further studies, this effect may be used to tweak the doping level of graphene, as
graphene grown on undoped Ge exhibits minor p doping. Adjusting the doping of
the underlying substrate can thus be employed to achieve a doping desirable for
specific technological components with controlled transport properties.
On Ge(110), graphene charge carriers furthermore experience a renormalization of
the Fermi velocity to vF = (1.82 ± 0.21) · 106 m/s at T = 10K as measured by
quasiparticle interference. This is due to reduced dielectric screening on the semi-
conducting substrate [279], which opens the door to possible Fermi velocity engi-
neered applications and devices. Besides the charge carrier concentration, the Fermi
velocity is further linked to the temperature at which any prospective device is op-
erated via the dielectric constant. This results in a large set of parameters for tuning
fundamental electronic transport properties.
Another interesting research prospect is the adaptation of this growth method to
other faces of Ge or Ge-epilayers on Si substrates. Establishing this growth method
on a wider variety of surfaces allows to exploit the various structural and electronic
features of each individual crystal face [251, 254]. In order to avoid metal contami-
nation as well as other graphene transfer issues, an improvement of the growth of
graphene directly on semiconducting and insulating substrates is inevitable and will
be at the core of future technological and fundamental research efforts.
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A | The tight-binding (TB) model

Considering an electron at an atomic site i inside a lattice with N atomic positions, two
possibilities are available for it to move. Either it “hops” to a neighbouring atomic site j, in
case of a non-zero wave function overlap of both sites represented by hopping energy tij , or
it remains at its previous lattice site i associated with an onsite energy εi. These two options
are conveyed in the Hamiltonian

H =
∑
i

εia
†
iai +

∑
i 6=j

(
tija
†
iaj + h.c.

)
, (A.1)

where ai and a†i are the annihilation and creation operators for an electron at site i and h.c.
stands for the Hermitian conjugate. In general, εi and tij can be deduced from calculating
orbital overlap integrals for the corresponding sites.
When written in a matrix form, the entries of the N ×N Hamiltonian matrix are as follows:
Hii = εi and Hij = tij . This matrix can be inverted to determine the system’s retarded
Green’s function matrix

Gij(E) = (E + iη −H)−1. (A.2)

From this matrix, interesting physical properties such as density of states and bond currents
can be inferred, defined as

ρi(E) = − 1
π

Im{Gii}(E). (A.3)

While mathematically valid, this method is not feasible for large matrices due to the enor-
mous number of operations required to invert the N×N Hamiltonian matrix. One important
advantage is the fact that most of the overlap integrals of remote lattice sites will produce
zero hopping energy terms, but the inversion operation is still too costly for most systems.
The process can be significantly sped up by partitioning the real space matrix into smaller
slices, hence bearing the name slice-by-slice method, which can be inverted into Green’s
functions much faster and subsequently relinked by recursion [309, 310]. This method is,
however, often restricted to special geometries, as those simple geometries allow to simply
repeat the same slice numerous times.
Advancing this method to the extreme, the slice-by-slice technique can be carried out as a
recursive knitting algorithm, which partitions the matrix to slices containing only a single
atom [118, 177, 311]. The single matrix entries containing εi or tij are thus simple scalars
or D × D matrices (D corresponds to the number of internal degrees of freedom) and the
Green’s function is constructed by virtually knitting the complete matrix together atom by
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atom. Starting at a single atom and increasing the number to A, the propagator from site
i to j is expressed by the Green’s function GAij . The Dyson equation allows to take into ac-
count the presence of previously knitted atomic slices and build up the full Green’s function
matrix by converting partially into fully connected atoms. This process is carried out until
A = N , i.e. all atoms have been included in the matrix.
In order to subsequently derive the local physical properties from the obtained Green’s func-
tions, calculations have to be expanded from Green’s functions between the contact atoms
to all neighbouring atoms. This is achieved by the “sewing” algorithm, which goes back into
slices until merely a single atom is left over, i.e. going from A = N to A = 1. This yields a
local expression for A atoms, allowing to determine properties such as the local density of
states from

ρA = − 1
π

Im{GAA}. (A.4)

This sewing step is very costly concerning a computer’s memory and computation time,
thus there is a certain limitation on the lattice dimensions that can still be calculated with
reasonable effort [177].



B | Density functional theory (DFT)

Density functional theory is a method primarily employed in condensed matter physics
and computational physics, it order to estimate electron densities of complex many-body
systems with the help of a wide choice of functionals [312, 313]. In contrast to solving the
Schrödinger equation of such a many-body system including 3N variables, i.e. three space
coordinates for each of the N particles, only three space coordinates in total, namely x, y
and z, are required to describe the electron density n(~r) in DFT.
In quantum mechanics, all information is generally conveyed in the system’s wavefunction
Ψ depending on the electronic coordinates, which can be calculated from the nonrelativistic
Schrödinger equation assuming a potential v(~r) that represents the crystal lattice acting on
the electrons according to the Born-Oppenheimer approximation(

−~2∇2

2m + v(~r)
)

Ψ(~r) = EΨ(~r). (B.1)

This becomes considerably more complex, when the number of electrons is increased to
N > 1 and interactions between these particles are included in the calculation, i.e. N∑

i

(
−~2∇2

i

2m + v(~ri)
)

+
∑
i<j

U( ~ri, ~rj)

Ψ(~r1, ~r2, ..., ~rN ) = EΨ(~r1, ~r2, ..., ~rN ). (B.2)

This method thus comprises the specification of a potential v(~r), solving the Schrödinger
equation for the wavefunction Ψ and subsequently determining the values of observables by
calculating the expectation value of the corresponding operators applied to the resulting
wavefunction. One observable that bears no specific importance in this context, but lies at
the heart of the DFT framework, is the particle density n(~r), which can be evaluated as
follows

n(~r) = N

∫
d3r2

∫
d3r3 . . .

∫
d3rNΨ∗(~r1, ~r2, . . . , ~rN )Ψ(~r1, ~r2, . . . , ~rN ). (B.3)

Even though this method succeeds in providing a means of explicitly calculating the wave-
functions and observables, it is unsuitable for bigger systems with much larger numbers of
electrons, as the current computational infrastructure cannot support the required compu-
tation load.
DFT on the other hand, approaches solving such complex many-body problems from a differ-
ent perspective and converts it into a single-body problem without explicit electron-electron
interaction. Knowing the electron density, the wavefunction Ψ, the potential v(~r) and all
other observables can be obtained. The foundation of this approach lies in the Hohenberg-
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Kohn theorem [314]. It claims that assuming a ground-state electron density n0(~r), the cor-
responding ground-state wavefunction Ψ0(~r1, ~r2, . . . , ~rN ) can be implicitly deduced, which
makes Ψ0 and all related ground-state observables a functional of n0.
This implies several requirements for the ground-state wavefunction Ψ0. Besides allowing
to reproduce the ground-state electron density n0, it must further minimize the energy, i.e.
truly be the ground-state wavefunction. The ground-state energy can be formulated for a
potential v(~r) as

Ev,0 = min
Ψ→n0

〈Ψ|T̂ + Û + V̂ |Ψ〉 , (B.4)

where T̂ represents the kinetic, Û the electron-electron interaction and V̂ the potential
energy term. Assuming a n(~r) different from n0, the corresponding Ψ will yield an energy
expectation value larger or equal to Ev,0 in accordance with the variational principle. This
conclusion leads to an expression for the total-energy functional

Ev = min
Ψ→n

〈Ψ|T̂ + Û |Ψ〉+
∫

d3r n(~r)v(~r). (B.5)

In case of a non-degenerate ground state, the requirement of reproducing n0, while simul-
taneously minimizing Ev,0, uniquely determines the wavefunction, even without explicit
knowledge of v(~r). The Hohenberg-Kohn theorem thus specifies that any given ground-state
electron density with N electrons relates to a unique wavefunction and potential. The main
consequences of the theorem can be summarized in four statements [313]:

1. The wavefunction Ψ0 of the non-degenerate ground state is a unique functional of the
ground-state electron density n0, i.e.

Ψ(~r1, ~r2, . . . , ~rN ) = Ψ(n0(~r)). (B.6)

This also holds true for the ground-state expectation value of any observables:

O0 = O(n0) = 〈Ψ|Ô|Ψ〉 . (B.7)

2. The ground state energy obtained from the electron density is minimal

Ev,0 = Ev(n0) = 〈Ψ|Ĥ|Ψ〉 ≤ Ev(n′) (B.8)

which can be inferred from the variational principal (n′ represents any electron density
different from n0).

3. As soon as a system with a potential v(~r) is specified, the potential energy can be
obtained from

V (n) =
∫

d3r n(~r)v(~r) (B.9)

as a functional V (n).

4. In case v(~r) is not held fixed, the ground-state electron density determines the poten-
tial up to an additive constant, i.e. V = V (n0). Thus the ground-state energy can be
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rewritten

E0 = E(n0) = 〈Ψ(n0)|T̂ + Û + V̂ (n0)|Ψ(n0)〉 (B.10)

This theoretical groundwork was later expanded to the Kohn-Sham DFT [315], where non-
interacting electrons move in an effective potential veff. This potential comprises the external
potential as well as correlation and exchange interaction. Solutions to the Kohn-Sham DFT
then usually have to be calculated by various approximative methods, due to a lack of exact
solutions.


	Zusammenfassung
	Summary
	List of abbreviations
	Introduction
	I Basics
	Graphene Basics: From the honeycomb lattice to massless Dirac fermions
	Structural and electronic properties
	Graphene crystal structure and structural properties
	Tight-binding approach to the graphene bandstructure
	The graphene Dirac cone: a low-energy approximation

	Supported graphene systems
	Graphene on semiconductor and insulator surfaces
	Graphene on metal surfaces


	Unravelling electronic structure at the nanoscale with scanning tunnelling microscopy and spectroscopy
	Theory of electron tunnelling
	Bardeen's theory of tunnelling
	The Tersoff-Hamann model
	High bias regime

	Measurement modes
	Topography mode
	Spectroscopy mode I(V)
	Quasiparticle interference maps dI/dV


	Beyond tunnelling: Sample preparation, setup and additional characterization methods
	Ultra-high vacuum setup
	Variable temperature scanning tunnelling microscope (VT-STM)
	Cryogenic scanning tunnelling microscope (Cryo-STM)

	Crystal preparation routines
	Crystal preparation and graphene fabrication on Ir(111)
	Crystal preparation and graphene fabrication on Ge(110)

	Low-energy electron diffraction (LEED)
	Photoelectron spectroscopy (PES)
	Angle-resolved photoelectron spectroscopy (ARPES)
	Electron energy loss spectroscopy (EELS)

	Computational methods


	II Graphene nanoflakes on surfaces
	Signatures of electronic confinement in realistic graphene nanoflakes
	Structural and electronic properties of extended graphene layers and large graphene flakes
	Pseudospin considerations
	Fabrication of extended epitaxial graphene flakes on Ag(111) and Au(111)
	Moiré corrugation and atomic structure
	Surface state shift
	Dirac fermions of extended graphene flakes

	Confinement in graphene nanoribbons (GNRs)
	General properties of GNRs
	Electronic signatures of size quantization in edge and impurity scattering

	Confinement in realistic graphene nanoflakes
	Footprints of electronic confinement in an armchair graphene nanoflake
	Scattering at edges and impurities in a zigzag graphene nanoflake
	Lateral confinement and quasiparticle lifetime


	Interaction at the interface: Graphene and strong spin-orbit coupling
	BiAg2 growth and structure
	Single Bi atoms and the (Sqrt3xSqrt3)R30 reconstruction
	Striped surface reconstruction (pxSqrt3)
	Monolayers and nanowires
	Defects

	The Rashba-split BiAg2 surface
	Electronic properties of BiAg2

	The graphene-protected BiAg2 surface
	Structural properties
	Surface state shift in graphene/BiAg2
	Dispersion of Dirac Fermions


	Decoupled graphene on semiconducting Ge(110)
	Graphene growth on Ge(110) from an atomic carbon source
	Structural properties of clean Ge(110)
	The Ge(110)-c(8x10) reconstruction
	The Ge(110)-(16x2) reconstruction
	The Ge(110) {17 15 1} facets

	Structural properties of graphene/Ge(110)
	Assessment of graphene coverage and disorder using Raman spectroscopy
	Elucidating the atomic structure of the Sb intercalated graphene-Ge(110) interface

	Electronic properties
	Quasiparticle interference
	X-ray photoelectron spectroscopy (XPS)
	Normal-emission photoelectron spectroscopy (NE PES)
	Energy-loss near-edge spectroscopy (ELNES)
	Angle-resolved photoelectron spectroscopy (ARPES)
	Graphene/Ge(110) plasmonic excitations


	Conclusion and Outlook
	Acknowledgements
	List of publications
	Bibliography
	Appendix The tight-binding (TB) model
	Appendix Density functional theory (DFT)




