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Zusammenfassung

Diese Doktorarbeit beschäftigt sich mit der Präparation von Graphen Nanostrukturen

auf Metallsubstraten und ihrer strukturellen und elektronischen Charakterisierung mit

Hilfe von Rastertunnelmikroskopie und -spektroskopie. Wichtig für solche Untersuchun-

gen ist die Wahl einer geeigneten Graphen-Substrat Kombination, welche es ermöglicht

kleine und wohldefinierte Graphenstrukturen in situ herzustellen. Es ist weiterhin not-

wendig, dass Substrat und Graphen eine lediglich schwache Wechselwirkung eingehen

und so eine Beeinträchtigung der Graphen Eigenschaften vermieden wird.

Im Rahmen dieser Arbeit wurden Graphen Schichten und Graphen Nanostrukturen

mit etablierten Verfahren basierend auf der thermischen Zersetzung von Kohlenwasser-

stoffen auf Ir(111) und Rh(111) Oberflächen gewachsen. Durch Interkalation — dem Ein-

schieben eines Materials zwischen Graphen und Substrat — können die elektronischen

Wechselwirkungen gezielt beeinflusst werden. Diese Arbeit untersucht im ersten Teil die

Interkalation von Fe und Ni. Graphen Schichten auf Fe oder Ni Substraten stellen Bei-

spiele stark wechselwirkender Graphen-Systeme dar. Die Interkalation von Fe oder Ni

Submonolagen ermöglicht die gezielte Untersuchung von elektronischen Wechselwir-

kungen zwischen Graphen und Substrat. Dabei führt die Moiré Struktur in Graphen auf

Metallsubstraten zu einer zusätzlichen lokalen Modulation der Bindungsstärke, die auch

die Anordnung von interkaliertem Material start beeinflusst. Das System ermöglicht wei-

terhin Einblicke in den Interkalationsprozess auf atomarer Größenskala.

Zur elektronischen Entkopplung von Graphen im zweiten Teil der Arbeit wurden

Edelmetalle interkaliert. Graphenflocken, die durch Interkalation von Au und Ag ent-

koppelt wurden, konnten mit Hilfe von Tieftemperatur-Rastertunnelmikroskopie und

-spektroskopie untersucht werden und eine stark reduzierte Graphen–Substrat Wech-

selwirkung im Vergleich zu anderen Graphen–Metall Systemen konnte gezeigt werden.

Graphen auf Au und Ag zeigt charakteristische lokale Zustandsdichtemodulationen an

Rändern und Defekten, die mit Hilfe von Quasiteilchenstreuung in Graphen erklärt wer-

den können.

Zur elektronischen Charakterisierung wurde speziell die räumliche Zustandsdichte-

verteilungen mit Hilfe der Rastertunnelspektroskopie gemessen und nach erfolgter Fou-

riertransformation im reziproken Raum analysiert. Die gewonnenen Quasiteilchen Streu-

vektoren ermöglichen eine präzise Unterscheidung von Streuvorgängen innerhalb des
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Oberflächenzustandes von Au(111), aber auch zwischen Graphen Zuständen. Auf die-

se Weise konnte gezeigt werden, dass Graphen auf Au eine lineare Dispersionsrelati-

on aufweist. Darüber hinaus wurden Streuvorgänge zwischen den zwei elektronischen

Systemen des Graphen und des Oberflächenzustands gemessen, die einen Zugang zur

Rashba-Aufspaltung in Au(111) auf Basis von Rastertunnelspektroskopie ermöglichen.

Weiterhin wurde die Quasiteilchen Streuung zwischen Graphen Zuständen in räum-

lich eingeschränkten, länglichen Graphenflocken auf Au und Ag untersucht und zusätzli-

che Streuvektoren im Vergleich zu unendlich ausgedehntem Graphen gefunden. Es konn-

te gezeigt werden, dass diese zusätzlichen Streuvektoren durch die räumliche Einschrän-

kung in Graphen entstehen und auch noch in sehr großen Systemen mit mehr als 100×
100 nm2 auftreten.



Summary

This thesis examines possible routes for the preparation of graphene nanostructures on

metal substrates and performs structural and electronic characterizations using scan-

ning tunneling microcopy and spectroscopy. Investigations of graphene nanostructures

necessitate the use of a suitable graphene–substrate combination, which allows for a

controlled in situ preparation of small and well-shaped graphene nanostructures. The

choice of a graphene-substrate combination with weak interaction in order to prevent

the destruction of monolayer graphene properties is inevitable.

Within this work graphene layers and graphene nanostructures are grown using well-

established procedures based on thermal decomposition of hydrocarbons on Ir(111) and

Rh(111) surfaces. Implementing intercalation — the insertion of additional material be-

tween graphene and substrate — allows for a tailoring of interactions between graphene

and the substrate. In the first part of this work the intercalation of Fe and Ni is inves-

tigated. Graphene on Fe and Ni surfaces represents a system with strong interaction.

The intercalation of submonolayers of Fe and Ni allows for the investigation of binding

strength variations due to intercalation within one sample. A moiré superstructure of

graphene on metal surfaces leads to a local modulation of the binding strength, which

was found to influence the arrangement of intercalated material considerably. The stud-

ied systems furthermore give an insight into the intercalation processes at the atomic

scale.

For an electronic decoupling of graphene from the substrate in the second part of the

work, intercalation of noble metals was implemented. Graphene flakes which become

electronically decoupled by Au and Ag were investigated using low temperature scanning

tunneling microscopy and spectroscopy. A substantial decrease of graphene-substrate

interactions compared to other graphene/metal systems was found. Graphene on Au

and Ag substrates exhibits characteristic local density of states modulations at edges and

defects indicative of quasiparticle scattering in graphene.

For the characterization of the electronic properties local density of states maps were

measured using scanning tunneling spectroscopy. The maps were subsequently Fourier-

transformed and analyzed in reciprocal space. The detected quasiparticle scattering

vectors allow for a precise discrimination between scattering within the Au(111) surface

state and between states in graphene. Graphene on Au in particular shows a linear dis-

vii



viii Summary

persion relation within the accessible energy range. Additional scattering between the

two electronic systems of graphene and the Au(111) surface state was identified and used

for a determination of the Rashba splitting in Au(111) using scanning tunneling spec-

troscopy.

Quasiparticle scattering between graphene states was studied in confined, elongated

graphene flakes on Au and Ag. Additional scattering vectors compared to infinite graphene

were found and confinement as the origin of the additional scattering was confirmed.

The confinement effects exist also in large systems up to 100×100 nm2.
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1 | Introduction

Graphene1 is a two-dimensional sheet of carbon atoms arranged in a honeycomb lat-

tice. Although the element carbon occurs in a variety of allotropes — some of them

well-known since many years such as graphite and diamond, some of them only dis-

covered within the last decades like fullerenes and carbon nanotubes [3, 4] — graphene

was the last one to be extracted experimentally in 2004 by A. Geim and K. Novoselov

[5, 6, 7]. Graphene itself is the building block for different carbon allotropes in several

dimensions. Vertical stacking of several layers of graphene builds up graphite and rolling

thin stripes of graphene gives rise to carbon nanotubes [4]. Due to its significance as a

basic building block for graphite and carbon nanotubes, the theoretical description of

graphene goes back to the year 1947 by P. Wallace [8], who already pointed out the out-

standing band structure of single graphite sheets.

The experimental realization of purely two-dimensional layers was long believed to

be impossible due to the Mermin-Wagner theorem questioning the existence of crystals

in two dimensions with long-range order [9]. Long wavelength fluctuations are predicted

to diverge in two-dimensional systems initiating a melting of the crystal [2]. Yet, the ex-

perimental exfoliation of not only single layer graphene, but also MoS2 and other layered

materials in 2004 raised the question about the compliance between experiment and

theory. While this issue is still under debate, the experimental observation of ripples

in a graphene layer in the third dimension appears to be closely linked to its stability

[10, 11, 12].

The method first applied for the preparation of two-dimensional graphene layers is

referred to as Scotch-tape method and is based on the micromechanical cleavage of lay-

ered bulk materials [6]. A subsequent transfer to an amorphous silicon oxide layer al-

lows an identification of single macroscopic layers due to interference on silicon oxide

substrates using optical microscopes [6]. The successful exfoliation of macroscopic two-

dimensional graphite has triggered a strong interest within the scientific community and

lead to the experimental discovery of many exceptional properties: Graphene is the me-

chanically strongest material measured [13], performs as an atomically thin membrane

which is impenetrable even for He atoms [14], shows significantly higher mobilities com-

pared to a semiconductor based two-dimensional electron gas [15] and gives rise to a

1Reviews of graphene can be found in [1, 2]
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2 1 Introduction

room temperature anomalous quantum Hall effect [7].

The latter effects are based on graphene’s band structure, which brings along many

more interesting implications regarding the electronic properties. The band structure of

graphene exhibits two bands touching at the K and K’ points, where they are approxi-

mated by a linear dispersion forming a zero-band gap semiconductor [8]. The symmetry

of the lattice entailing two identical atoms per unit cell gives rise to a description for-

mally equivalent to massless Dirac fermions in quantum electrodynamics and leads to a

verification of the Klein paradox within a table-top graphene experiment [16, 17].

Apart from abundant insights into problems of fundamental science, the large poten-

tial for graphene applications was demonstrated in several important articles: A low den-

sity of states of graphene close to the Fermi level in combination with high conductivity

and extraordinary crystal quality allows for a very precise detection of charges transferred

to graphene. Such a precise detection of charges enables the identification of single gas

molecules in a gas detector application [18]. Furthermore, the mechanical properties of

graphene, in particular its flexibility qualify graphene in bendable electronics. One pos-

sible example presented recently is the use in transparent electrodes in touch panels [19].

Finally, among the many envisaged applications graphene is fancied as possible succes-

sor for high frequency electronics. Extraordinary high mobilities achieved in graphene in

the range of 105 cm2 V−1 s−1 [15] surely qualify this two-dimensional material for high fre-

quency electronics, however graphene does not provide stable on-off-behavior for tran-

sistors due to the zero-gap semiconductor behavior. One of many interesting concepts to

bypass this limitation is based on band gap formation for instance in confined graphene

structures [20, 21]. An armchair nanoribbon below 1 nm in width will open a sufficiently

large band gap of more than 1 eV [22].

Theoretical investigations show that confinement effects in graphene are not only

important for possible applications, but also of fundamental interest. In graphene nano-

structures the formation of edge states with magnetic ordering is predicted [20, 23]. At

present, such systems are still widely unexplored from the experimental side due to the

demanding preparation and investigation of graphene structures on the atomic level.

A promising route for the preparation of nanometer-sized graphene flakes was demon-

strated on Ir(111), Ru(0001) or Ni(111) metal surfaces [24, 25, 26] using thermal deposi-

tion of pre-adsorbed hydrocarbons. Unfortunately extended research has revealed sub-

stantial interaction effects of graphene [27, 28] and graphene edges [29] even for sub-

strates believed to be weakly interacting, resulting in the absence of graphene edge states

[30].

In this thesis graphene structures on metal surfaces are studied using scanning tun-

neling microscopy and scanning tunneling spectroscopy. While scanning tunneling mi-

croscopy and spectroscopy are the preferred methods for investigations of small struc-

tures as they allow for both the investigation of atomic structure and local density of

states, they rely on clean and preferably flat sample surfaces. Consequently investiga-
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tions are almost exclusively limited to ultra high vacuum conditions with in situ sample

preparation. Regarding the preparation of confined graphene structures, the challenge

is to find a fully ultra high vacuum compatible preparation procedure which yields small

graphene structures on a substrate which does not show interactions with the graphene

such that the electronic properties of graphene are quasi-freestanding. Based on promis-

ing graphene structures grown on Ir(111) [31], a tailoring of substrate interactions can be

achieved by intercalation. Intercalation refers to the insertion of deposited material be-

tween graphene and the substrate during annealing [32]. Whereas the intercalation of 3d

metals Ni and Fe leads to an increased interaction, the intercalation of noble metals un-

derneath small graphene flakes was implemented to form quasi-freestanding graphene

flakes.

This thesis is organized as follows: In chapter 2 the theoretical and experimental

background on the electronic properties of graphene is presented and possible inter-

actions with substrates are elucidated. Chapter 3 introduces the necessary background

on scanning tunneling microscopy and spectroscopy techniques. Chapter 4 describes

experimental setups, additional techniques and the in situ sample preparation.

The experimental results first deal with the intercalation of 3d metals underneath

graphene on Rh(111) and Ir(111) in chapter 5. The results contribute to the understand-

ing of local graphene-substrate interactions and their effect on the morphology of the

intercalated material. A microscopic picture of the intercalation process is developed.

In chapter 6 the intercalation procedure is implemented for the decoupling of graphene

flakes prepared on Ir(111) surfaces using Au and Ag intercalation and a structural anal-

ysis is conducted. In chapters 7 and 8 a detailed analysis of the electronic properties of

graphene flakes is presented. Important findings are the existence of quasiparticle scat-

tering between Rashba-split Au surface states and graphene states as well as confine-

ment effects in wide graphene channels. Chapter 9 concludes and discusses possible

additional experiments.
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2 | Graphene Background

This chapter gives a brief theoretical description of graphene and confined graphene

structures neglecting any implications due to the substrate supporting graphene. Finally,

a variety of graphene systems on real substrates are reviewed and the implications of in-

teractions between substrate and graphene on the electronic properties are highlighted.

2.1 Structure and electronic properties of graphene

Graphene is a monolayer thick material consisting only of carbon atoms, which are ar-

ranged in a honeycomb lattice. In this geometry, carbon is sp2 hybridized. 2s, 2px and

2py orbitals form theσ-bonds between each atom, whilst the 2pz orbitals give rise to the

π and π∗ bands in the crystal [8]. The π and π∗ bands touch at the K and K’ points in re-

ciprocal space and form a zero gap semiconductor with linear dispersion relation close

to those special points. The π and π∗ bands are responsible for the phenomenally large

interest in graphene’s electronic properties.

Using the tight binding approximation, one can derive the band structure of graphene

in the complete energy range [8]. An expansion around the special K and K’ points gives

rise to the linear dispersion relation and allows for a more compact and convenient low-

energy description using the Dirac equation [33, 34]. Indeed, the behavior of low energy

electrons in graphene around the K and K’ points mimic the behavior of massless Dirac

Fermions, the reason why the linear dispersion around the K and K’ points is often re-

ferred to as Dirac cone. A brief summary of all relevant properties is given in the fol-

lowing. Comprehensive reviews on the electronic structure of graphene can be found in

[35, 36, 37, 38].

2.1.1 Crystal structure

The honeycomb lattice of graphene is not a Bravais lattice, and consequently it has to be

described using a triangular lattice with two equivalent atoms in the unit cell [35]. The

lattice is depicted in Figure 2.1 (a). The two equivalent sublattices are represented by red

and black atoms, respectively, where one atom of each sublattice is surrounded by three

atoms of the neighboring sublattice with a distance of a = 1.42 Å [35]. The lattice pa-

rameter of the triangular lattice is aG =p
3a = 2.46 Å. The lattice vectors are constructed

5



6 2 Graphene Background
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Figure 2.1 | Graphene crystal structure. (a) Real space lattice including unit cell vectors. The
two differently colored atoms mark the A (black) and B (red) carbon sublattices. (b) Reciprocal lattice
including unit cell and Brillouin zone.

by

~a1 = aG

2

(p
3,1

)
, ~a2 = aG

2

(p
3,−1

)
(2.1)

The reciprocal lattice [Figure 2.1 (b)] likewise exhibits a triangular lattice and the vectors

are constructed such that ~ai ·~b j = 2πδi j :

~b1 = 2π

3aG

(p
3,3

)
, ~b2 = 2π

3aG

(p
3,−3

)
(2.2)

High symmetry points K, K’ and M of the Brillouin zone are described by

# –
ΓK = 2π

3aG

(p
3,1

)
,

# –
ΓK′ = 2π

3aG

(p
3,−1

)
,

#   –
ΓM = 2π

3aG

(p
3,0

)
. (2.3)

The high symmetry points K and K’ differ due to the bipartite lattice and are of special

interest for the electronic properties of graphene.

2.1.2 Tight binding dispersion relation

The band dispersion of single layer graphene was first derived by P. Wallace in 1947 [8]

using the tight binding approximation. The tight binding Hamiltonian Ĥ for graphene

pz electrons considering hopping between nearest neighbors with hopping energy t and

hopping between next-nearest neighbors with hopping energy t ′ can be written as [35]

Ĥ =−t
∑
〈i , j〉

(
a†

i b j +h.c.
)
− t ′

∑
〈i , j〉

(
a†

i a j +b†
i b j +h.c.

)
(2.4)

with annihilation and creation operators ai and a†
i , respectively, acting on A sublattice

sites and bi and b†
i analogous for B sublattice sites. The solution obtained from tight

binding with next nearest neighbor consideration yields an energy dispersion [35]

E(~k) = ±t
√

3+ f (~k)− t ′ f (~k) (2.5)
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Figure 2.2 | Tight binding dispersion relation. (a) π and π∗ bands of graphene. (b) Constant
energy contours of the π-band. (c) Graphene bands along high symmetry directions in reciprocal
space. (a-c) Graphene dispersion plotted according to equation 2.5 with parameters t = 3.5 eV and
t ’ = 0.08t in order to fit the experimental dispersion of the graphene π band on Au metal surfaces as
reported in [39].

with

f (~k) = 2cos
(
ky aG

)+4cos

(
ky aG

2

)
cos

(p
3kx aG

2

)
. (2.6)

The dispersion relation is depicted in Figure 2.2 (a). As evident from the equation, the

latter result differs from the solution which takes into account nearest neighbors only by

the additional part t ′ f (~k). Without next-nearest neighbor hopping, the solution yields

two bands π and π∗ which are symmetric and touch at zero energy. The π band is com-

pletely filled and the π∗ band completely empty. Next-nearest neighbor hopping leads

to an asymmetry in the π and π∗ band and an energy shift (doping).

The constant energy contours (CEC) of the π band are depicted in Figure 2.2 (b).

The touching point of the two bands is located at the Brillouin zone corner at K and K’

points, whereas at the M point a van Hove singularity forms. The CEC around the K

and K’ points are circular for energies close to the touching point of π and π∗ and start to
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show trigonal warping for larger energies. This behavior is also reflected in the dispersion

relation in Figure 2.2 (c), inherent in the different slopes of the π and π∗ bands in
# –
ΓK and

#   –
KM directions.

2.1.3 Low energy expansion and Dirac cone

Restricting the above discussed tight binding solution in equation 2.5 to nearest neighbor

hopping only (i.e. t ′ = 0) and expanding the dispersion around the two special K and K’-

points with~k = # –
ΓK+~kG and~k ′ = # –

ΓK′+~k ′
G allows to describe the system with an effective

Hamiltonian of the form1 [37]

ĤK/K’ =ħvF

(
0 kG,x ∓ i kG,y

kG,x ± i kG,y 0

)
(2.7)

close to K and K’ points, i.e. for energies close to the touching point of π and π∗ bands.

Here, the different signs refer to the K (top) and K’ (bottom) point, with identical energy

eigenvalues

E(~kG) =λħvF

∣∣∣~kG

∣∣∣ . (2.8)

The energy dispersion features two solutions, where λ = ±1 refers to conduction and

valence band, respectively and vF = 3t a/(2ħ) ' 106 m/s is the Fermi velocity [37]. The

spectrum is electron-hole symmetric and linear in ~kG, giving rise to a dispersion rela-

tion which resembles a cone at the K and K’ points. The unusual constant group velocity

vF is fundamentally different from semiconductors, where energy bands are usually ap-

proximated by parabolic bands. The linear dispersion relation for low energy graphene

physics is depicted in Figure 2.3. In the this low energy approximation the density of

states (DOS) per unit cell including spin and valley degeneracy [37]

N (E) = 2
∫

d2k

(2π)2δ
(
E −E(~k)

)
= 2

π

|E |
ħ2v2

F

(2.9)

is linear in energy with zero states at the Fermi level and shows again that graphene qual-

ifies as a zero band gap semiconductor.

Dirac cone

Starting from the Hamiltonian in 2.7 one can derive a description which is formally equiv-

alent to the Dirac Hamiltonian for massless particles [33, 34]. Substitution of

(
kG,x ,kG,y

)→−i
(
∂x ,∂y

)
(2.10)

1In this work the~k-vector with respect to K and K’ points is referred to as~kG instead of ~q as common in
literature in order to avoid any possible confusion with the scattering vector ~q used in chapters 7 and 8.
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Figure 2.3 | Dirac cone and
pseudospin. The image shows
the low energy dispersion re-
lation. Arrows mark the mo-
mentum vectors ~kG in black and
the pseudospin direction in or-
ange. Chirality implies a change
of the pseudospin direction with
respect to momentum between
the electron- and hole like parts
of the cone.

1. BZ
E

K'
K

kG

kG,x

kG,y

η = −

η = +

K'
K

and introduction of~σ= (σx ,σy ) and~σ∗ = (σx ,−σy ) using Pauli spin matrices

σx =
(

0 1

1 0

)
and σy =

(
0 −i

i 0

)
(2.11)

leads to a very compact form of the effective Hamiltonian at the K and K’-points [37]:

ĤK =−iħvF~σ ·~∇ and ĤK’ =−iħvF~σ
∗ ·~∇ (2.12)

The two sets of Hamiltonians at K and K’ points lead to identical energy eigenvalues E :

ĤK/K’ ψ
±
K/K’ = E ψ±

K/K’ ; E =±ħvFkG (2.13)

One can see that the Hamiltonian corresponds to the Dirac Hamiltonian for massless

particles with reduced speed vF ' c/300 compared to the speed of light c. Consequently

the low energy physics of graphene is described formally by Dirac Fermions with renor-

malized speed and allows for the verification of principles in QED in the framework of a

condensed matter experiment. A prominent example is the Klein paradox [16, 17]. The

K and K’ points are often referred to as Dirac points due to this equivalence.

The total wave functionsψK andψK′ (spinors) consist of two components each: ψKA,

ψKB, ψK’A and ψK’B. With φ= arctan(kG,y /kG,x ) the eigenspinors read [37]

ψ±
K =

(
ψKA

ψKB

)
= 1p

2

(
e−iφ/2

±e iφ/2

)
and ψ±

K’ =
(
ψK’A

ψK’B

)
= 1p

2

(
e iφ/2

±e−iφ/2

)
. (2.14)

In QED, the components represent the real spin. In graphene, the two components ex-

press the amplitude of the wave function on the A and B sublattice sites, respectively and

are hence referred to as pseudospin.

With ~p = −iħ∇, the Hamiltonian in equation 2.12 can be rewritten to ĤK = vF~σ · ~p
resembling the chirality operator, which is formally the projection of pseudospin ~σ on
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momentum ~p:

~σ ·~p∣∣~p∣∣ ψ±
K = ηψ±

K (2.15)

The chirality operator has eigenvalues η = ±1 and has important implications for the

pseudospin, since it shows that the pseudospin is always parallel or antiparallel to the

momentum ~p = ħ~kG. In graphene, electrons (holes) have positive (negative) chirality.

The orientation of the pseudospin within the Dirac cone for electrons and holes is de-

picted in Figure 2.3.

In addition to the degree of freedom coming from the A and B sublattice label, de-

scribed by the pseudospin, a second degree of freedom is related to the K and K’ points

— the valleys — and is occasionally referred to as isospin [37]. In ideal graphene the two

valleys are independent, however atomically sharp defects and edges will mix the two

valleys and necessitate a combined two-valley 4×4 Hamiltonian description [37]. Taking

into account the real electron spin finally leads to the most general low-energy descrip-

tion of graphene combining the three internal degrees of freedom: the pseudospin, the

isospin and the real spin are represented by a 8×8 Hamiltonian [37].

An important result of the two equivalent sublattices leads to a symmetry protection

of the linear crossing points ofπ andπ∗ bands. In particular if time reversal and inversion

symmetry hold, no band gap is opened. However in the presence of a substrate, where

A and B sublattice sites feel a different potential, the sublattices are no longer equivalent

and the inversion symmetry is broken, leading to a band gap opening [36, 37].

2.1.4 Landau Levels and Anomalous Quantum Hall Effect

Applying a magnetic field ~B perpendicular to the graphene plane gives rise to a Lan-

dau quantization which shows distinct differences from two-dimensional electron gases.

This results from the completely different behavior of charge carriers in monolayer graphene

mimicking massless chiral particles in the low energy regime. In the case of two-dimensional

electron gases the Landau levels obey an energy quantization of

E 2DEG
n = E0 +ħ eB

m∗

(
n + 1

2

)
; n = 1,2,3, ... (2.16)

giving rise to an equal spacing of Landau Levels, with electron charge e and effective

mass m∗. In monolayer graphene, the Landau Level sequence has a different form due

to the zero mass behavior [40]:

E MLG
n =±vF

√
2eħB |n| ; n = 0,±1,±2, ... (2.17)

In particular, the existence of electron like and hole like states gives rise to Landau Levels

both above and below the Fermi level, including a zero energy Landau Level and shows
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a square root dependence from magnetic field B and Landau Level index n. The spe-

cial Landau Level sequence of graphene is a hallmark of the Dirac physics of graphene,

discriminating monolayer graphene not only from standard two-dimensional electron

gases, but also from bilayer graphene [40]. A further peculiarity of Landau Levels in

graphene is the fourfold degeneracy. Besides the two-fold spin degeneracy, the special

band structure with inequivalent K and K’ points gives rise to an additional twofold valley

degeneracy [41].

Based on this quantization of Landau Levels in graphene, peculiarities are also ob-

served for the quantum Hall effect. In contrast to the integer quantum Hall effect in

two-dimensional electron gases, the Landau Level at n = 0 in graphene is responsible for

the absence of a plateau in hall conductivity at n = 0. Owing to these peculiarities the

quantum Hall effect in graphene is referred to as anomalous quantum Hall effect [7].
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2.2 Confinement in Graphene Structures

Graphene is a zero gap semiconductor with incredibly high charge carrier mobilities

of up to 105 cm2 V−1 s−1 [15], which is beneficial for the implementation in electron-

ics. However, a band gap which is necessary for stable on-off behavior of graphene

based transistors is missing and represents a drawback. In this context confinement

in graphene is promising, as it can alter the properties of infinite graphene in various

ways. Graphene nanoribbons (GNRs) with armchair edge configuration are either metal-

lic or posses a width dependent band gap [21, 42], whereas GNRs with zigzag edge con-

figuration give rise to flat bands at the Fermi level and tend to magnetic behavior [20,

43, 44, 45]. A review on GNRs can be found in [46]. Confinement effects in graphene

nanoflakes are especially interesting due to a net magnetization expected for triangular

shapes [47, 23].
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Figure 2.4 | Graphene nanoribbons. ZGNRs form by cutting of graphene along zigzag lines,
AGNRs by cutting along armchair lines. The translational axis of the GNR is either ~azz or ~aac ,
respectively. Cutting along arbitrary directions in graphene yields chiral GNRs. The dangling bonds
at edges of GNRs are assumed to be saturated with hydrogen atoms.
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Figure 2.5 | Band structure of a metallic armchair graphene nanoribbon. (a) Bands of an
AGNR with width N=29 represented as slices of the bulk graphene dispersion. (b) Brillouin zone of
bulk graphene. The slices of the bulk graphene dispersion are plotted for the area within the red box.
The slices are equidistant and cut the K points in the particular case of metallic AGNRs. (c) Projected
band structure of the GNR.

2.2.1 Graphene Nanoribbons

Armchair graphene nanoribbons (AGNRs) and zigzag graphene nanoribbons (ZGNRs)

form by cutting infinite graphene along the high-symmetry directions, with ribbon edges

oriented parallel to armchair or zigzag directions of graphene, respectively. Cutting along

arbitrary directions leads to chiral GNRs, where edges are composed of a mixture of arm-

chair and zigzag elements. A number of possible edge configurations are depicted in

Figure 2.4.

Armchair graphene nanoribbons

An AGNR with width N is composed of N lines of carbon dimers, with each dimer built

from two atoms belonging to the A and B sublattice, respectively [Figure 2.4]. Trans-

lational symmetry is given in x-direction along ~aac , whereas the system is confined in

y-direction. A theoretical treatment of AGNRs can be performed using tight binding cal-

culations taking into account nearest neighbor hopping and single hydrogen terminated

edges [20, 21, 46]. The hydrogen termination at y = 0 and y = (N +1)aG /2 =W saturates

the dangling bonds and ensures the absence of states near the Fermi level thus allowing

to write boundary conditions in the form of vanishing wave functions at the positions of

the hydrogen atoms [46]:

ψA,0 =ψB,0 =ψA,N+1 =ψB,N+1 = 0 (2.18)



14 2 Graphene Background

0
−3

−2

−1

0

1

2

3

0
−3

−2

−1

0

1

2

3

0
−3

−2

−1

0

1

2

3

AGNR, N = 9 AGNR, N = 10 AGNR, N = 11

k
 π
3a

 π
3a-

k
 π
3a

 π
3a-

k
 π
3a

 π
3a-

(a) (b) (c)

E EE

Figure 2.6 | Band structure of armchair graphene nanoribbons with various widths. The band
structure is calculated according to equation 2.19 for semiconducting AGNRs with (a) N=9, (b) N=10
and (c) for a metallic AGNR with N=11.

A and B refer to the two sublattices of graphene. An analytic derivation of the dispersion

of AGNRs leads to the following equation [46]:

E =±t

√
3+4cos

(
p

)
cos

(
3ka

2

)
+2cos

(
2p

)
(2.19)

Here, ± refers to the conduction and valence band, t to the hopping energy and k to the

longitudinal wavevector of the ribbon (with k =− π
|~aac | .. π

|~aac | ) parallel to the kx -direction

of the infinite graphene layer. The transverse wavenumber p arises from the edge bound-

ary condition and leads to discrete values of the momentum with p = nπ
N+1 ; n = 1,2,3, .., N .

An example for the dispersion relation of an AGNR with N = 29 is plotted in Figure 2.5.

In the limit of infinite width the transverse wavenumber becomes continuous with

p → ky
p

3a
2 and the solution in equation 2.19 coincides with the bulk graphene disper-

sion relation in equation 2.5. One can see that in the case of AGNRs, the electronic

band structure corresponds to the approximation gained from the zone-folding tech-

nique [48], i.e. the slicing of the bands along the direction kx [Figure 2.5 (a-b)] followed

by a subsequent projection onto the latter axis [Figure 2.5 (c)]. The initial touching points

of π and π∗ bands of infinite graphene become backfolded to k = 0 in the AGNR band

structure.

In Figure 2.6 the band structure of several AGNRs with N =9, 10 and 11 is presented.

The band structure is composed of N bands and reveals either semiconducting [Fig-

ure 2.6 (a-b)] or metallic [Figure 2.6 (c)] behavior depending on the width of the ribbon.

Metallic AGNRs form in the case of ribbon widths of N = 3m−1, with m being an integer

[20, 21]. In this case the slices directly cut the K and K’ points and lead to the absence of

a band gap due to the presence of a band with linear dispersion. All other ribbon widths
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Figure 2.7 | Band structure and edge states of zigzag graphene nanoribbons. (a) Calculated
band dispersion of a ZGNR. (b-e) Localization of the edge wave functions in a semi-infinite zigzag
terminated graphene layer: (b) kaG =π, (c) kaG = 8π/9, (d) kaG = 7π/9 and (e) kaG = 2π/3. The radius
of the circle represents the charge density on the particular site. (a-e) Reprinted (adapted) from [49].
→ Online.

do not feature a metallic band since the slices do not exactly cut the K-point and thus

feature a band gap. The size of the band gap in semiconducting AGNRs increases with

decreasing width and is in the order of 1 eV for ribbon widths below 1 nm [22].

Zigzag graphene nanoribbons

In the case of ZGNRs with width N , the carbon atoms are arranged in N zigzag lines with

translational symmetry along ~azz [Figure 2.4]. Applying a simple projection of the bulk

graphene bands onto the ky direction places the touching points of π and π∗ bands at

k = ± 2π
3aG

[21]. However, in contrast to AGNRs the tight-binding solution of the band

structure of ZGNRs shows that the bands in ZGNRs are not well approximated by a sim-

ple zone-folding technique, i.e. the projection of the sliced bulk band structure [21]. This

is because the terminating edge atoms of opposite sides always belong to different sub-

lattices leading to boundary conditions of the form [46]

ψA,0 =ψB,N+1 = 0 (2.20)

which imply a transverse wavenumber (or band index) p dependent on k [46]. Calcula-

tions of the band structure [20, 21, 46] lead to a set of extended bands that show a large

band gap at the projected K-point at k = ± 2π
3aG

[Figure 2.7 (a)]. In addition, a peculiar

single band within the band gap is observed and shows a nearly flat dispersion between

http://dx.doi.org/10.1088/1367-2630/11/9/095016
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Figure 2.8 | Triangular graphene
nanoflake. Spatial distribution of the
spin density of states. Reprinted with
permission from [23]. Copyright 2008
American Chemical Society. → Online.

|k| = 2π
3aG

.. π
aG

giving rise to metallic behavior.

This peculiar flat band corresponds to a localized state. Calculations of a semi-infinite

zigzag edge [20] show that the local density of states (LDOS) of the wave function is con-

centrated at the edge carbon atoms [Figure 2.7 (b-e)]. The localization is largest for k = π
aG

with the LDOS concentrated at the edge carbon atoms only [Figure 2.7 (b)]. For k → 2π
3aG

the localization extends increasingly into the interior of the graphene sheet [Figure 2.7 (c-

e)]. Due to the strong edge localization, this state is referred to as edge state. The LDOS

of the edge state is limited to the sublattice of the edge carbon atoms. The flat dispersion

of the edge state close to the Brillouin zone boundary leads to a sharp peak in the ribbon

DOS at E = EF [21].

Important for the experimental realization of edge states is the theoretical result that

the edge state survives even for arbitrary edges except perfect armchair configurations.

The termination of graphene with a sequence of zigzag and armchair segments is suffi-

cient to give rise to the edge state [50]. However, as one would expect, the LDOS of the

edge state scales with the number of consecutive zigzag elements. A maximum value of

the ribbon edge state DOS is reached for perfect zigzag edge termination. A continuous

decrease is observed for increasing misalignment from a pure zigzag orientation [21, 50].

The flat dispersion of the edge state and the resulting large ribbon DOS at E = EF are

responsible for a magnetic ordering in ZGNRs [20]. The magnetic moment scales with

the LDOS of the edge state and hence a maximum magnetic moment is found at the rib-

bon edges. The magnetic moments of the two sublattices couple antiferromagnetically

and lead to opposite magnetic moments on opposite ribbon edges [compare Figure 2.4].

An identical number of atoms in each sublattice leads to a zero net magnetic moment of

ZGNRs [20, 44, 43, 45].

2.2.2 Graphene Nanoflakes

The generic occurrence of zigzag edge states [50] implies the presence of edge states also

in graphene nanoflakes (GNFs). Calculations underline the robustness of this edge state

http://dx.doi.org/10.1021/nl072548a
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even for GNFs with rough edges and arbitrary shape [51, 52]. Whereas GNFs can be cut in

a variety of shapes such as triangular and hexagonal zigzag flakes [53], triangular flakes

with zigzag edge termination are of particular interest. Here, the geometry of the flake

implies that only one sublattice contributes solely to the edge and a difference in the

number of A and B sublattice sites arises. Due to the antiferromagnetic coupling be-

tween magnetic moments on different sublattices, a non-zero net magnetic moment is

expected in triangular zigzag graphene nanoflakes, which scales proportional with size

[23]. The spin dependent spatial distribution of the DOS for such a triangular flake is

depicted in Figure 2.8. Contrary, a hexagonal graphene nanoflake with zigzag edges will

show zero net magnetic moment [47]. Nevertheless magnetic edges are predicted, with

local moments and alternating orientation between opposite sides of the graphene flake

[47].
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2.3 Graphene on various substrates

The properties of graphene depend strongly on the substrate which is used for growth or

support of the graphene layer. Consequently investigations on a graphene layer always

necessitate a thorough understanding of the entire graphene/substrate system. A layer

of carbon atoms showing only the crystal structure of graphene must not necessarily

show the electronic properties of freestanding graphene. A prominent example is the SiC

buffer layer, which reveals the identical crystallographic structure of graphene, however

the residual bonds to the SiC destroy the linear dispersion relation entirely [54].

In the following section an overview over the graphene (G) layers on various sub-

strates including highly ordered pyrolytic graphite (HOPG), silicon oxide (SiO2), silicon

carbide (SiC) and metals will be given. The degree of interaction will be discussed in

terms of the possibility to access electronic graphene properties by scanning tunneling

microcopy (STM) and scanning tunneling spectroscopy (STS). Especially the existence

of a linear π band in angle resolved photoelectron spectroscopy (ARPES), the presence

of Landau levels or the anomalous quantum Hall effect in magnetic field and finally the

appearance of characteristic LDOS modulations in STM are important indicators for the

decoupling of the graphene layer.

2.3.1 HOPG and exfoliated graphene

Highly ordered pyrolytic graphite (HOPG), consists of stacked graphene layers with strong

in-plane bonding and weak van der Waals interlayer bonding. Following the recipe of the

pioneering works of Novoselov and Geim, graphite was used for exfoliation of single lay-

ers using the scotch tape method and transferred to SiO2 substrates [6]. Separating a

single layer of graphite from the bulk crystal is possible, because the in-plane bonds are

Figure 2.9 | Defects in HOPG. Atom-
ically resolved STM image represent-
ing LDOS modulations in graphite due
to scattering at hydrogen adsorbates
(16 × 16 nm2). A-C mark different ap-
pearances of the LDOS modulations.
Reprinted figure with permission from
[55]. Copyright 2005 by the American
Physical Society. → Online.

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.71.153403
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much stronger compared to the van der Waals forces between the layers. With the ex-

foliated graphene on SiO2 system a first proof for the successful isolation of single layer

graphite was established based on the measurement of the anomalous quantum Hall

effect [7]. However, the measurement of Landau-levels in graphene on SiO2 turns com-

plicated, as electron-hole puddles, i.e. trapped charges in the oxide layer underneath

graphene, lead to a spatial variation of the graphene doping level [56, 57, 36].

Yet already the graphite system itself proved very interesting with the finding that

rotated layers of graphene form on top of the graphite crystal and allow for the obser-

vation of the graphene Landau level sequence [40]. A comparison with the Landau level

sequence on ABAB stacked areas of the sample allows for a clear distinction between sin-

gle layer and bilayer graphene characteristics. Consequently rotated graphene layers on

graphite behave as monolayer graphene and are very well decoupled [58].

LDOS oscillations [Figure 2.9] giving rise to the (
p

3×p
3)R30° superstructure due to

scattering at defects are accessible in HOPG using STM. This superstructure is accounted

to interferences between electron wave functions at the K-point. It has been observed in

graphite both at defects [55, 59, 60, 61] and at hydrogen terminated edges [62, 63, 64, 65].

2.3.2 Graphene on silicon carbide

SiC has been investigated as a substrate for the vacuum graphitization of surfaces already

in 1962 [66] and in terms of their electronic properties [67] already at the time of the

exfoliation experiments of Geim and Novoselov [6, 7]. The most common SiC crystal

used for graphene growth is hexagonal SiC [Figure 2.10], which exhibits a polar crystal

structure. Therefore the top and bottom basal planes of hexagonal SiC crystals exhibit

different termination. The SiC(0001) surface (Si-face) is terminated by silicon atoms,

whereas the SiC(0001) surface (C-face) is carbon terminated [68].

Figure 2.10 | Graphene on hexagonal
SiC. Hexagonal SiC is a polar crystal.
The SiC(0001) surface is silicon termi-
nated, whereas the opposite SiC(0001)
surface is carbon terminated.

Graphene

Buffer layer

Si-face

C-face

Graphene



20 2 Graphene Background

Figure 2.11 | Buffer layer and first graphene layer on Si-terminated SiC(0001) surfaces. ARPES
of the buffer layer (a) and the first graphene layer (b). LEED evidences the superstructure of the
buffer layer and shows only subtle differences between buffer layer (c) and first graphene layer
(d). Reprinted figure with permission from [54]. Copyright 2008 by the American Physical Society.
→ Online.

Graphene growth on SiC is performed by annealing at high temperatures (∼1000–

1500 ◦C), leading to an evaporation of Si atoms and the formation of a graphene layer

from the excess carbon [69]. Both C- and Si-face of the SiC crystal can be used for the

growth of graphene. Initial graphitization of SiC surfaces was performed in ultra high

vacuum (UHV) and grain sizes of the graphene were limited. The reason for the limited

size of graphene grains is connected to the quick desorption of Si atoms from the sur-

face in UHV at growth temperatures around 1280 ◦C. At that temperature, the surface is

far from equilibrium resulting in a rough surface morphology [70]. Emtsev et al. showed

that the solution to increased grain size is to retard Si evaporation by using an Ar atmo-

sphere at 900 mbar reflecting desorbing Si atoms back to the surface and thus allowing

for an increased annealing temperature of 1650 ◦C, leading to a smoother surface mor-

phology [70]. On both faces of the SiC crystal multilayers of graphene can be grown.

Investigations of the electronic properties have shown considerable differences between

the graphene layers grown on either one of the faces of SiC [68] which will be briefly

discussed in the following.

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.77.155303
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Graphene on Si-face SiC

The first monolayer of graphite grown on the Si-face is strongly bound to the Si atoms

of the substrate. Low energy electron diffraction (LEED) [Figure 2.11 (c)] evidences a

30° rotated graphene layer with respect to the substrate and a 6
p

3×6
p

3 reconstruction

[54]. The corresponding band structure measured by ARPES [Figure 2.11 (a)] of the first

carbon layer clearly exhibits dispersing σ bands, which arise from the in-plane bonds of

the honeycomb carbon network. The position and shape of theσ band allow for the con-

clusion that bond lengths and structure of the first carbon layer are indeed identical to

graphene [54]. However the characteristic π band originating from the pz orbitals, which

is responsible for graphene’s remarkable electronic properties, is not observed. Every

third carbon atom is found to establish a covalent bond with a Si atom thus destroying

the π band entirely [54].

A further annealing step produces the second layer of graphene in the interface of SiC

and buffer layer and transfers the 6
p

3×6
p

3 structure into a fully decoupled monolayer

of graphene [54]. Azimuthal alignment with respect to the supporting layer is evidenced

by LEED in Figure 2.11 (d). ARPES investigations in Figure 2.11 (b) show identicalσbands

and a fully developed π band with linear behavior around the K-point.

This second graphite monolayer bears the electronic properties associated with mono-

layer graphene, whereas the first graphite monolayer on the other hand is a nice example

that the mere honeycomb arrangement of carbon atoms does not necessarily carry the

electronic properties of graphene. The first carbon layer on the Si-face SiC is hence re-

ferred to as zero layer or buffer layer graphene responsible for the electronic decoupling

of the second graphite and first graphene layer. The Dirac point (the energy at which π

and π∗ bands touch) is positioned at −0.4 eV [71, 72]. It is worth to mention that due to

the structural alignment of buffer layer and first graphene layer a band gap of 0.26 eV is

opened at the K-point [71].

Graphene on C-face SiC

Graphene growth at the C-face features decoupled graphene right from the first layer

[54]. Multiple layers of graphene form on the C-face showing strong azimuthal disorder,

which is not the case on the Si-face. This is due to the absence of bonding of graphene

to Si atoms, which allows the formation of arbitrarily oriented graphene layers in the

graphene–SiC interface [54]. Graphene on the C-face of SiC is comparable to rotated lay-

ers of graphite on HOPG surfaces, nicely decoupled and due to the many carbon layers

between the surface and the substrate, the doping is reduced [73].

Local density of states modulations and Landau Level quantization in G/SiC

Graphene on the Si-face of hexagonal SiC with exception of the buffer layer, and graphene

on the C-face of hexagonal SiC show LDOS oscillation patterns [74, 75, 76, 77, 78, 79] sim-
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Figure 2.12 | LDOS modula-
tions at edges in G/SiC(0001).
STM topography of a long arm-
chair edge segment. Intense
modulations of the LDOS are vi-
sualized. Reprinted with per-
mission from [75]. Copyright
2010 American Chemical Soci-
ety. → Online.

ilar to the ones observed for the HOPG surface. In particular edges of graphene [Figure

2.12] show a large amount of LDOS modulations as a result of backscattering [75]. The

extraction of the dispersion relation based on LDOS modulations in STM was first per-

formed in the pioneering work of Rutter et al. on Si face SiC. This underlines the good

decoupling of graphene layers on both the Si- and C-face of SiC. The observation of Lan-

dau Level quantization [41] on the C-face of SiC furthermore proves a particularly good

decoupling of the latter system.

http://dx.doi.org/10.1021/nl9038778
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2.3.3 Graphene on metal surfaces

Graphitic overlayers on metal surfaces are known since 1967, where annealing of Pt [80,

81], Rh and Ru surfaces [82] lead to the surface segregation of carbon. Later, graphitic

overlayers were also identified as undesired passivating layers on metal surfaces used

for catalysis [83, 84]. Today graphene on metal surfaces is not only important from the

scientific point of view, where graphene layers and their interaction with the metal can

be studied. Large scale graphene can be grown on metal foils, preferentially Cu [85].

A subsequent transfer to insulating substrates is possible, representing a route to large

scale graphene production for applications [19].

Regarding graphene growth on metals, one has to distinguish between high and low

pressure chemical vapor deposition (CVD) preparation. For large scale graphene growth,

especially in the view of applications, a CVD mass production on cheap Ni or Cu films

is used at pressures close to atmospheric conditions [85, 86]. In contrast, high-quality

graphene is commonly grown on the surface of single crystals like Ni, Cu, Pt, Ir, Rh and

Ru in UHV conditions [87]. In the following, an overview on the preparation of high

quality graphene in UHV conditions will be given, concentrating on the transition metal

surfaces Ni(111), Ru(0001), Rh(111) and Ir(111). Comprehensive overviews on graphene

on metal formation and structure can be found in [87, 88, 89].

For STM measurements, the interaction between graphene and the metal substrate

is of special importance. While a monolayer graphite on metals can completely loose

graphene’s electronic properties due to metal interactions, some weakly interacting met-

als will preserve graphene’s quasi freestanding character widely. In order to judge the

degree of interaction, not only the linear dispersion of the π band can be analyzed by

ARPES. But also LDOS oscillations from scattering at defects in graphene observed by

STM have to be present in quasi-freestanding graphene.

Graphene growth

Graphene growth on metals can be achieved based on several different methods [Fig-

ure 2.13 (a-d)]. As reported in early studies on surfaces of Pt(111) [80], Ru(0001) [82]

and Ni(111) [90], annealing of the single crystal leads to the formation of graphite struc-

tures at the surface of the metal via segregation [Figure 2.13 (a)]. Carbon impurities for

segregation can be dissolved in the crystal by heating in a carbon containing precursor

gas. During cool down the C solubility of the metal decreases and carbon segregates

to the surface [91]. Standard preparation temperatures for the dissolution of carbon in

Ru(0001) are above 1150 ◦C. Subsequent slow cool down to 825 ◦C leads to a reduction in

C solubility by a factor of six [91]. Graphene growth via segregation tends to form mul-

tilayers of graphite on the metals surface, where elaborate mechanisms are necessary to

control the number of layers that develop [91, 92, 93].

The limited control over the number of grown graphene layers is a shortcoming of the
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segregation approach and can be solved by CVD [Figure 2.13 (b)]. Here the sample is an-

nealed in a vapor of precursor molecules, such as ethene, propene or many other carbon

containing molecules at temperatures low enough to prevent carbon dissolution in the

bulk. The graphene layer is formed after the decomposition of the precursor molecule

on the hot and catalytic sample surface, which cracks the precursor molecule until the

entire metal surface is passivated due to the coverage with graphene [94]. This renders

graphene growth on the transition metal surfaces by CVD in the absence of segregation a

self-limiting growth process. Temperatures for CVD depend on the crystal and are in the

range of 750–1000 K for Ru(0001) [94] and 1000–1500 K for Ir(111) [95]. However a pre-

cise tuning of precursor pressure and growth temperature is crucial for good graphene

quality. CVD growth performs well on metal surfaces with catalytic activity, such as Ni,

Rh, Ru, Pt and Ir but fails in the case of noble metal surfaces Ag and Au or even hexag-

onal boron nitride, where the decomposition of hydrocarbons is inhibited. In the latter

case the decomposition of hydrocarbons may be triggered by different processes as the

catalytic surface, such as plasma-assisted CVD [96] or irradiation assisted cracking [97].

A modification of the CVD preparation is the temperature programmed growth (TPG)

of graphene [Figure 2.13 (c)]. Here, carbon precursors (hydrocarbons, C60) are adsorbed

on the metal surface, which is kept at room temperature, followed by a subsequent an-

nealing of the crystal. This decomposes the pre-adsorbed molecules on the catalytic sur-

face and delivers a small amount of carbon for the growth of graphene islands [24, 25].

For reasons discussed later, this preparation is ideally suited for the growth of small sized

graphene islands with good control over size distributions by adjusting annealing tem-

peratures.

A growth technique unaffected by the inability of inert surfaces to crack the hydro-

carbon molecules is atomic carbon deposition [Figure 2.13 (d)]. Here, carbon atoms are

evaporated from a high purity graphite rod by electron bombardment [98] and deposited

on the hot substrate. Atomic carbon deposition is capable of producing graphene on in-

Ir(111)

Segregation CVD

(a) (b) (d)

Atomic C deposition
Ir(111)

TPG

(c)

Figure 2.13 | Preparation of graphene on metal surfaces. (a) Graphene growth via segregation
of dissolved carbon. (b) Graphene growth via CVD. Hydrocarbons are decomposed on the hot metal
surface. (c) Graphene preparation using TPG consists of a pre-adsorption of hydrocarbons on the
cold metal surface and a subsequent decomposition by annealing of the sample. (d) Graphene
preparation via atomic carbon deposition.
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Figure 2.14 | Graphene on metal sur-
faces. A continuous graphene mono-
layer can be grown on metal surfaces
which extends across several terraces .

Graphene

e.g. Ir(111)

ert noble metal surfaces Au(111) and Ag(111), since no decomposition of hydrocarbon

molecules forming C adatoms on the surface is necessary, however with limitations in

graphene film quality [99, 100, 101].

The mechanism of graphene formation on the transition metal surfaces, i.e. Ru(0001)

and Ir(111) was studied in detail [94, 98] and found to be independent of the type of car-

bon source. First, carbon adatoms are generated at the surface, either by segregation,

atomic C deposition or catalytic decomposition at the surface. Second, adatoms diffuse

on the surface and attach to existing graphene patches. It was found that the attachment

of additional carbon to graphene patches is the growth rate limiting process instead of

surface adatom diffusion rates. The important role of the edges arises from the strong

interaction of dangling bonds at the edges to the metal atoms imposing an energy bar-

rier for the attachment of additional carbon. From the growth rate analysis of graphene

via CVD on Ru(0001) it was found that building blocks with a minimum number of five

atoms are formed before connecting to existing graphene patches [94, 98]. Correspond-

ing results were gained with graphene nano dots on Ir(111) and Rh(111) surfaces. There,

complete islands were found to be mobile at elevated temperatures and are able to co-

alesce forming larger islands while reducing the island density, a process referred to as

Smoluchowski ripening [24, 102]. Graphene growth starts at a nucleation point and then

continues downhill across step edges in Ru(0001) [91] and can even grow both downhill

and uphill in the case of Ir(111) [94], ultimately exhibiting a continuous graphene carpet

covering the metal surface across several terraces as depicted in Figure 2.14 [103].

Local adsorption sites and moiré superstructure

The interaction between metal surfaces and the graphene layer can vary from weak to

strong depending on the metal surface and shows a strong dependence on adsorption

geometry. For the adsorption of graphene on metal surfaces several high symmetry con-

figurations are possible [Figure 2.15 (a)]. In the ring-atop configuration, the carbon rings

are placed on top of the underlying metal atom. In the ring-hcp or ring-fcc configura-

tions, the carbon ring is placed on top of an hcp or fcc hollow site, respectively (i.e. on

top of a metal atom in the second (hcp) or third (fcc) surface layer of the metal). Fi-

nally, the ring-bridge configuration refers to the position of the graphene atoms bridg-
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1st

3rd
2nd

C

(a)

(b)

atop hcp fcc atopbridge

Figure 2.15 | Graphene moiré superstructure. (a) High-symmetry graphene sites within the moiré
unit cell. (b) Moiré unit cell (white rhombus) of a (10×10) graphene on (9×9) metal superstructure.
ring-atop sites are marked by dashed circles, ring-hcp sites by squares, ring-fcc sites by stars and
ring-bridge sites by small circles.

ing between two substrate atoms2. For the graphene layer on Ni(111), a close match-

ing between graphene and metal lattice constants is found and a (1×1) graphene on

Ni(111) structure forms. The graphene rings are aligned with the close packed direc-

tion of the metal substrate. Experimentally, the position of the graphene rings on top of

the Ni(111) surface cannot be determined based on STM studies [104] and density func-

tional theory delivers various results for the different functionals implemented. Consen-

sus is only reached regarding the ring-atop configuration, which is found to be unstable.

The ring-fcc , ring-hcp or ring-bridge positions yield stronger bonding and are energeti-

cally favorable. However it is not clear, which one of the configurations is the preferred

one [105, 106, 107]. Yet the registry between graphene and metal atoms is decisive for

the bonding character between carbon atoms and the metal atoms as observed for lat-

tice mismatched graphene/metal systems, where different binding strengths within the

graphene layer are found [108].

The lattice mismatch between graphene overlayer and metal surface leads to a con-

tinuous displacement of the carbon atoms with respect to the substrate until (in the case

of a commensurate superstructure) after a distance am the initial carbon-metal configu-

ration is reached. This gives rise to a moiré superstructure. In Figure 2.15 (b) the moiré

cell with (10×10) graphene unit cells on (9×9) metal unit cells is depicted. It is delimited

by four ring-atop configurations at the corners of the rhombus. Due to the continuous

2An alternative notation commonly used in literature is based on the positions of the carbon atoms in-
stead of the carbon ring center. In fcc-hcp configuration carbon atoms are placed on top of fcc and hcp
hollow sites, which corresponds to the ring-atop position. In top-fcc or top-hcp configuration three out of
six carbon atoms within one ring are placed on top of the atoms of the surface metal layer and the three
others at fcc or hcp hollow sites. Therefore top-fcc (top-hcp) corresponds to ring-hcp (ring-fcc).
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(a) R0 (b) R5 (c) R15

α γ

aS aG

am

(d)

Figure 2.16 | Moiré of rotated graphene/metals. Lattice vectors have a ratio of aG/aS=0.906. (a)
R0◦: γ=0° ; am=9.7aS; (b) R5◦: γ=44.1° ; am=7.2aS; (c) R15◦: γ=77.0° ; am=3.4aS. The vectors ~aS

and ~aG are depicted with three times their real length for improved visibility. ~am true to scale.

shift of the carbon atoms with respect to the metal substrate, the carbon atoms undergo

ring-hcp, ring-fcc and ring-bridge high-symmetry configurations within the moiré cell

(marked by a square, a star and small circles, respectively).

The high stiffness of the C-C bonds in graphene prevents the graphene layer from

undergoing considerable interatomic distance changes. Consequently a considerable

adaption of the graphene lattice parameter to the underlying metal lattice constant is not

observed leading to not necessarily commensurate moiré superstructures. The G/Ir(111),

G/Ru(0001) and G/Rh(111) systems exhibit a mismatch of 9.5%, 9% and 8.5%, respec-

tively (crystal lattice spacings from [109]). The closest matching moiré cells found are

10C/9Ir [110], 25C/23Ru [111] and 12C/11Rh [112]. The moiré superstructure shows

hexagonal symmetry imposed by the symmetry of the involved lattices. The periodicity

follows from the relation ~km =~kG −~kS with reciprocal vectors ~k of the moiré, graphene

and substrate lattices, respectively. In the case of parallel alignment between graphene

[1120] direction and metal close packed directions, i.e. zero rotation (R0°), the periodicity

can be expressed in the form [31, 113]:

2π

am
= 2π

aG
− 2π

aS
⇒ am = p

1−p
aS = 1

1−p
aG (2.21)

Here, the mismatch p = aG/aS was introduced. The factor p/(1−p) is roughly 10 in the

case of graphene on Ir(111) and displays the proportionality constant between lattice pa-

rameters am of moiré and aS of substrate, showing that the moiré superstructure acts as

a magnifying glass on the involved lattices. A small change of the involved lattices leads

to a considerable change in moiré periodicity and allows for very precise determination

of lattice constants in STM and LEED [31, 114]. An example for the R0° moiré superstruc-

ture is depicted in Figure 2.16 (a).

Apart from the unrotated R0° moiré superstructure, rotated graphene domains are

occasionally found on crystals like Pt(111), Ir(111) and Cu(111) [115, 116, 117]. Therefore,
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a moiré theory can be applied to calculate moiré periodicities for the more general case

of two layers with different lattice constants and arbitrary angle α [113]. Here we will

focus on the case of rotated and scaled (p ×p)Rα overlayers. This specifically includes

also the general cases of R0° moiré for graphene on metals with lattice mismatch, or the

case of two equivalent graphene lattices with a small twist angle α, but identical lattice

parameters (twisted bilayer graphene).

An example for the moiré superstructure of a graphene layer on a metal substrate

with roughly 10 % lattice mismatch is shown in Figure 2.16 for three twist angles α =
0°, 5° and 15°. It is clearly visible that a small change of angle in steps of only 5° leads

to a drastic change in moiré periodicity and a large rotation of the moiré superstructure

(white unit cell). With lattice vectors am of moiré, aS of substrate and aG of graphene, the

angleαbetween graphene and substrate, the angleγbetween moiré lattice and substrate

and definitions p = aG/aS, κ= am/aS, one can derive the relations [113]:

γ= arctan

(
sinα

cosα−p

)
(2.22)

am = κ ·aS = p√
1+p2 −2p cosα

aS (2.23)

In the case of known lattice parameters aG, aS these relations allow for the determination

of twist angle α by measuring the moiré periodicity am.

Graphene moire corrugation: Weak versus strong substrate interaction

Experimentally, the moiré superstructure gives rise to additional reflexes in LEED and

allows an easy identification of the graphitic overlayer as already shown in the first ex-

periments with Ru(0001) and Rh(111) [82, 118]. Figure 2.17 shows the LEED pattern of

G/Ru(0001) and the topographic landscape extracted from I (V )-LEED measurements

[119]. The variation in adsorption strength for different positions is reflected in a topo-

graphic corrugation of the graphene layer, which can be measured directly also with X-

ray diffraction techniques [120]. While the two techniques give rise to different results for

the corrugation of G/Ru(0001) between 0.8–1.5 Å, these values still prove a considerable

real topographic buckling of the layer.

Core-level photoelectron spectroscopy (PES) investigations of graphene on transi-

tion metal surfaces show a considerable increase in electronic interaction along the row

of transition metal substrates Pt(111), Ir(111), Rh(111) and Ru(0001) [108]. At the same

time the investigation suggests a simultaneously increasing corrugation based on the in-

creasing splitting of the C1s core level into two components, one of them representing

the strongly bound ring-fcc /ring-hcp sites and the other one the weakly bound ring-

atop sites. More precisely, a continuous variation of binding energies for atoms within

the moiré cell was found to form the line shape of the C1s peak in G/Re(0001) [121]

expressing the continuous adsorption site change within the moiré cell for lattice mis-
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Figure 2.17 | Graphene moiré on Ru(0001).
(a) LEED image exhibiting the moiré super-
structure spots arranged around the hexagonal
p(1×1) spots of C and Ru layers. (b) Topo-
graphic model of the graphene layer after model-
ing and fitting the LEED I(V )-curves. The largest
distance between metal and graphene layer is
found in the ring-atop configuration, whereas
ring-fcc and ring-hcp configurations yield close
adsorption geometries. (c) STM image. (a-
b) Reprinted figure with permission from [119].
Copyright 2010 by the American Physical Soci-
ety. → Online. (c) Reprinted figure with permis-
sion from [111]. Copyright 2008 by the American
Physical Society. → Online.

(a)

(b)

(c)

matched graphene on metal systems.

This trend is in line with density functional theory (DFT) studies on G/Ru(0001) [122],

G/Rh(111) [112] and G/Ir(111) [110], which find a large topographic corrugation of∼1.5 Å

in the case of G/Rh(111) and G/Ru(0001) and only a smaller corrugation of ∼0.35 Å in

G/Ir(111). The increase in graphene-metal interaction mainly affects the strongly bound

sites ring-fcc and ring-hcp which are pulled closer to the metal substrate, whereas ring-

atop sites remain relatively far away from the metal surface.

Measuring the moiré superstructure with STM [Figure 2.17 (c)] on the other hand,

does not give a good measure for the topographic corrugation of graphene because of

the LDOS and work function modulation arising from locally inhomogeneous electronic

interactions. In the case of G/Ir(111) an only small topographic corrugation is present,

and still different adsorption configurations can be well distinguished in STM due to the

modulation of electronic properties within the moiré cell. This gives rise to a dominating

influence of electronic contrast in STM, which can even entail an inverted STM topogra-

phy compared to real graphene corrugation [31, 123].

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.104.136102
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.101.126102
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Electronic structure: Weak versus strong substrate interaction

The electronic properties of graphene are influenced by the metal surfaces showing dif-

fering degree of deviation from freestanding graphene. The influence ranges from com-

plete destruction of the Dirac cone [124, 27] for strongly interacting materials to a band

gap opening in combination with a simple shift of the π system due to charge transfer for

weakly interacting systems [115, 125, 126].

Strongly interacting metal substrates include Ni(111), Ru(0001), Rh(111) and Re(0001).

In G/Ni(111), a hybridization between the π states and the d states of Ni is established

[124]. While the σ and π bands can be recognized, the hybridization leads to the com-

plete destruction of the π band close to the K point in combination with a 2.4 eV shift of

the complete band to larger binding energies as compared to graphite [104]. Similar, the

case of G/Ru(0001) likewise leads to a π band system shifted downwards about 2.6 eV

in binding energy. Again π states hybridize with d states of Ru and lead to the loss of

graphene electronic properties [27].

The Ir(111) and Pt(111) surfaces are considered as weakly interacting metal substrates.

Here, indeed theπband is found to be intact showing linear dispersion near the graphene

K-point [125, 115]. The ARPES measurement around the K-point is depicted in Fig-

ure 2.18 (a) for the clean Ir(111) surface and in (b) for the monolayer G/Ir(111) [125].

The bands are slightly shifted by ∼100 meV, exhibiting a slight p-doping. The moiré su-

perstructure imposes a periodic potential, which leads to the formation of band replica

cones. The replica cones intersect with the main Dirac cone giving rise to mini gaps.

Replica bands are marked in Figure 2.18 (c-d) by dotted lines and intersections with the

main Dirac cone including mini gaps are well visible [125].

Despite the promising results from ARPES suggesting an intact quasi-freestanding

G/Ir(111), a recent investigation stresses serious issues that cut the believed quasi-free-

standing character of the most prominent R0° graphene configuration [28]. The G/Ir(111)

Figure 2.18 | Dirac cones and
mini gaps in G/Ir(111). ARPES
experiment showing (a) the band
structure of clean Ir(111) around
the K-point of graphene. The sur-
face states of Ir(111) are marked.
(b-d) G/Ir(111) band structure in-
cluding mini gaps and replica
bands due to the moiré super-
structure. (b) resembles the E(k )
cut through the main Dirac cone.
Reprinted figure with permission
from [125]. Copyright 2009 by
the American Physical Society.
→ Online.

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.056808
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Figure 2.19 | Decoupling
graphene by Au intercalation.
(a) ARPES measurement of
the band structure of G/Ni(111)
showing the strongly shifted
and destroyed graphene bands.
(b) Band dispersions after the
intercalation of one monolayer of
Au. The Au effectively decouples
the graphene layer and shows
a virtually unshifted and intact
Dirac cone. Reprinted figure with
permission from [39]. Copyright
2008 by the American Physical
Society. → Online.

system shows no strong overall interaction between graphene and Ir bulk states, however

the system is not free of interactions. The Ir(111) surface exhibits a number of surface

states close to the K point of Ir(111) [Figure 2.18 (a), labeled by S1 to S3]. These surface

states exhibit flat dispersion and overlap with graphene states of R0° domains forming a

strong hybridization just around EF which is believed to disturb the quasi-freestanding

character of R0° graphene on Ir(111) [28]. The less commonly observed R30° graphene

moiré orientation in Ir(111) [116] appears to be less disturbed due to the lack of over-

lap with surface state bands at the graphene cone in a Brillouin zone which is rotated by

30° compared to Ir(111) [28].

The least interaction of graphene with a metal substrate is observed for the Au(111)

surface from a present-day perspective. Here, intact Dirac cones were observed for both

major growth orientations R0° and R30°. The system is slightly p-doped, i.e. the Dirac

cone is shifted slightly above EF [99]. No sign of interaction with Au bands or surface

states bands is reported around the Fermi level.

Tailoring graphene properties by intercalation

Intercalation, the insertion of atoms in between a stack of graphite layers [127], or in be-

tween the substrate and graphene [128], has been studied in detail with PES and proves

to be a powerful tool for the tailoring of electronic graphene properties [124, 129, 39].

The intercalation of metal atoms, which by themselves do not offer the possibility of an

easy graphene growth as a substrate, e.g. Ag and Au, is an alternative compared to com-

plicated growth processes on noble metal surfaces. Already a monolayer of Au or Cu

intercalated into the strongly bonding G/Ni(111) interface [129, 39] can effectively de-

couple the graphene from Ni. Such an experiment is depicted in Figure 2.19. The shifted

and hybridized π band of G/Ni(111) shows a completely destroyed Dirac cone [Figure

2.19 (a)], which is restored after intercalation of one monolayer of Au [Figure 2.19 (b)].

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.101.157601
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The intercalation approach gives high flexibility regarding the graphene doping. Ex-

changing Au by Cu or Ag for instance, leads to different doping levels of +100 meV (Au),

-310 meV (Cu) and -560 meV (Ag) [126]. The formation of band gaps was reported for Cu,

Ag and Au intercalation [126, 130, 131]. However this aspect is currently under investi-

gation, especially focusing on the origin of the band gap and its association to sublattice

symmetry breaking.

A magnetic moment can be induced in graphene by ferromagnetic substrates, as

shown for G/Ni(111) [132]. Here, the hybridization between the graphene π bands and

the Ni 3d states leads to a transfer of spin polarized electrons into the graphene states,

giving rise to a magnetic moment of approximately 0.05–0.1 µB per carbon atom [132].

Using intercalation of one monolayer of Fe in G/Ni(111) allows to boost the magnetic

moment of graphene by a factor of 2.7 [133].

Scattering in G/metals

The scattering of electron wave functions in graphene and graphite leads to a character-

istic (
p

3×p
3)R30° superstructure in real space topographies [Figure 2.20]. This super-

structure is accounted to interferences between electron wave functions of the graphene

and graphite band structure at the K-point and has been observed in graphite and G/SiC

systems. On graphene on metals the (
p

3×p
3)R30° superstructure has been reported

only for G/Cu(111) [134, 97, 135] and recently for G/Ag(111) [101] and G/Au(111) [this

work, chapter 6, 7 and 8]. LDOS modulations in other graphene on metal systems which

are believed to be quasi-freestanding based on an intact Dirac cone in photoemission,

such as G/Pt(111) or G/Ir(111), were not conclusively assigned to the (
p

3×p
3)R30° su-

perstructure. Thus if one takes the presence of characteristic scattering as a measure for

quasi-freestanding graphene, the only metal substrates preserving such a behavior are

the noble metal substrates Au, Ag and Cu from a present-day perspective.

Figure 2.20 | Scattering in G/Cu(111). Ni-
trogen defects in G/Cu(111) give rise to the
(
p

3×p
3)R30◦ superstructure, which is associated

with scattering in graphene and graphite layers. From
[134]. Reprinted with permission from AAAS. → Online.

http://dx.doi.org/10.1126/science.1208759
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2.3.4 Graphene quantum dots and graphene nanoribbons

Graphene nanostructures represent an exciting field of research owing to the many theo-

retical predictions for confinement and edge states as outlined in section 2.2.1. However,

the experimental realization for structures with sizes in the range for confinement effects

is challenging. Such an experimental approach has to offer on one hand a good control

over edge structure and termination and on the other hand a sufficient decoupling from

the substrate in order to avoid detrimental interaction effects.

Graphene quantum dots with diameter down to 10 nm have been produced by means

of top-down lithography from layers of G/SiO2 and electrically contacted [137]. However

this approach does not allow for the precise control over edge terminations and is not

well suited for STM due to residual contaminations from the lithographic processing.

A more promising attempt is the growth of side-wall GNRs and nanostructures on

SiC [138]. Here, lithographic pre-structuring is performed on the SiC surface to form

trenches in the SiC. The sample is then post-annealed and trenches become delimited

by steep, but regular sidewalls, where a graphene layer is formed via sublimation of Si.

While the carbon layer on flat SiC terraces, i.e. in the trenches, forms the buffer layer

type graphene [see section 2.3.2], the graphene grown across the sidewall of the trenches

lacks bonding to the substrate and is of quasi-freestanding type. Following this approach

one can embed structures of graphene with various shapes within patches of buffer layer

graphene with destroyed π band [138]. A clear advantage of the approach is the isolating

substrate, which directly qualifies the samples for transport measurements [139]. How-

ever, the approach is limited by the lithography step, hampering the preparation of very

small structures in the few nanometer range. Furthermore the edges of the structures are

bound to the buffer layer graphene with so far unknown consequences on the electronic

properties of the GNRs and nanostructures.

Graphene growth on metal surfaces using the TPG mechanism on the other hand

gives the possibility to grow GNFs in the range down to a few nanometers [24, 25, 26, 102].

Here, the interaction with the substrate leads to the growth of GNFs with edges well

aligned along high-symmetry directions of the substrate. GNFs with trigonal or hexago-

Figure 2.21 | Graphene quantum dots
on Ir(111). (a) Graphene quantum dots
with diameters in the 10 nm range are
grown on Ir(111). (b) Atomically resolved
STM image. The curvature of the edge
regions due to graphene-Ir bonding is
well visible. (c) Magnification of the hon-
eycomb lattice. Image sizes: (a) 100×
100 nm2; (b) 12×12 nm2. Reprinted fig-
ure with permission from [136]. Copy-
right 2012 by the American Physical So-
ciety. → Online.

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.046801
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nal shape, which are almost entirely terminated by zigzag edges are formed [Figure 2.21].

The growth mode for the formation of graphene flakes was found to be Smoluchowski

ripening, allowing for a size-selection of the GNFs by variation of the post-annealing

temperature [24, 26]. The shortcoming of graphene on metal surfaces is the interaction

with the metal. G/Ru(0001) and G/Ni(111) show strong interaction and destroyed Dirac

cones [124, 27], whereas in principle G/Ir(111) shows intact graphene bands, is however

more complicated due to the surface state crossing graphene bands close to EF [28]. A

further drawback is a residual bonding of the dangling bonds at the graphene edges to

the metal substrate. Residual edge-metal bonds lead to dome-shaped graphene nano

islands [29] and an absence of edge states [30]. Several studies have been performed

investigating the system of graphene quantum dots on Ir(111), but without conclusive

assignment of the observed LDOS features to graphene confinement [136, 140, 141, 142].

A further approach for the preparation of GNRs with atomically precise control over

edges and ribbon widths uses the bottom-up fabrication based on special molecular

building blocks [143, 144]. The building blocks consist of aromatic rings and Br groups

for molecule linking. After deposition and dehalogenation on Au, the building blocks

connect to long polymer chains, and are subsequently dehydrogenated leaving behind

flat ribbons of carbon rings. An atomically precise control over width and edge structure

can be achieved by selection of a suitable molecular building block [143, 144]. While the

procedure allows a preparation of perfect GNRs, the necessity of synthesizing a special

precursor for each width and edge configuration limits the flexibility of this approach

[144].
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With the invention of the scanning tunneling microscope by Binnig and Rohrer in 1982

[146] a new and unique tool for the investigation and manipulation of surfaces was born.

The use of piezoelectric materials for the sub-Å precise positioning of a sharp metallic

tip allowed real space imaging with resolutions in the atomic regime. Unlike optical or

electron-optical imaging techniques, scanning tunneling microscopy (STM) relies on a

local measurement of the tunneling current between sample and tip which is operated

in close vicinity to the sample surface. Realistic tip-samle separations are in the range of

0.5–1 nm [147]. Albeit no current is expected in the classical description, when applying

a bias voltage between the tip and the sample due to the vacuum barrier, a quantum me-

chanical treatment yields a small probability for electrons tunneling through the vacuum

barrier.

In the simple model of a square vacuum barrier, the tunneling current I ∝ e−2κd de-

pends exponentially on the decay constant κ and distance d separating the tip and sam-

ple. The tunneling current is commonly used to keep the tip to sample separation con-

stant while the tip is scanned across the sample surface and a three-dimensional dataset

(a) (b)

I

tip

sample

V

I

x

z

y

piezo tube

Figure 3.1 | Scanning tunneling microscopy. (a) Principle setup including piezo tube and sample.
Applying a voltage between the electrodes on the piezo tube deforms the piezo and positions the
tip in x, y and z-direction. Adapted from [145]. The STM tip follows a height contour of constant
tunneling current. (b) Three-dimensional representation of a STM experiment on G/Au(111) with
atomic resolution.
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is acquired, connecting a height measure based on the z-piezo position to every coordi-

nate (x,y) of the surface. The principle is schematically depicted in Figure 3.1.

But STM is more powerful than just being used for atomically resolved acquisition of

topographies. A more detailed treatment of the tunneling current in the following will

show that STM can not only give access to the topography of the sample at atomic level,

but by variation of the tunneling bias voltage V the dI/dV signal can be recorded, which

is in first approximation proportional to the LDOS ρ(~r ,eV ). The technique is referred to

as scanning tunneling spectroscopy (STS).

3.1 Theory of electron tunneling

The theory of electron tunneling goes back to a work of Bardeen in 1961 [148], where

the first theoretical treatment of the tunneling phenomenon was given. After the experi-

mental realization of the STM, more precise descriptions of the tunneling problem taking

into account the tip configuration were developed by Tersoff and Hamann [147, 149] and

further extended to more complex tip states by C. J. Chen [150, 151, 152]1.

Bardeen theory of tunneling

In Bardeen’s theory of tunneling [148], the probability for an electron to tunnel between

two electrodes can be treated within first order time dependent perturbation theory. As-

suming that the wave functions of both electrons drop exponentially in the vacuum re-

gion and the overlap is sufficiently small to apply first order perturbation theory, the tran-

sition rate λµν (probability per time) for electrons tunneling elastically from one stateψµ

into a continuum of states ψν with DOS ρν is

λµν = 2π

ħ
∣∣Mµν

∣∣2
ρν . (3.1)

Mµν is the tunneling matrix element. Bardeen showed that it is realistic to treat the ma-

trix element as independent of energy and thus the tunneling current between the two

electrodes mainly depends on the DOS.

As a voltage V is applied between tip and sample, the bands of both electrodes are

shifted against each other and a net current develops. The voltage V is given with respect

to sample, i.e. V < 0 denotes the sample at negative potential and the tip at positive po-

tential. The DOS of the tunnel contact is depicted in Figure 3.2 for different potentials

applied to sample and tip. One can see that by biasing the sample with a negative poten-

tial with respect to the tip, electrons from occupied sample states can tunnel into unoc-

cupied states of the tip [Figure 3.2 (b)]. Similarly with inverted tip and sample potential,

electrons tunnel from the occupied tip states to the unoccupied sample states [Figure

1A comprehensive review of the STM technique and theory can be found in the book by C. J. Chen [153].
More specific summaries are found in [154, 155, 156, 157, 158].
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E

ρtip

(a)  V = 0

E

ρsample

EF

E

ρtip

EF

E

ρtip

EF

(c)  V > 0(b)  V < 0

eV
eV

E

ρsample

E

ρsample

EF EF

Figure 3.2 | Tunneling current. The shift of the band structure and the involved states for tunneling
are depicted for (a) V=0, (b) positive tip potential and (c) negative tip potential. The tip DOS is
arbitrary, featuring a roughly constant behavior around EF and a small peak to illustrate the band
structure shift. The sample DOS resembles n-doped graphene. The Fermi distribution including a
small energy broadening marks the occupied states in red.

3.2 (c)]. Summing all electrons that contribute to the tunneling current I , one arrives at

a general equation for the tunneling current [153]:

I =4πe

ħ

∞∫
−∞

(
f (EF −eV +ε)

[
1− f (EF +ε)

]− f (EF +ε)
[
1− f (EF −eV +ε)

])
×ρtip(EF −eV +ε)ρsample(EF +ε) |M |2 dε

=4πe

ħ

∞∫
−∞

[
f (EF −eV +ε)− f (EF +ε)

]
ρtip(EF −eV +ε)ρsample(EF +ε) |M |2 dε

Here, the probability for a state being populated is given by the Fermi distribution func-

tion f (E) = 1/
(
1+e(E−EF)/kBT

)
. In limit of low temperatures, when kBT is small compared

to the energy resolution of the experiment, the Fermi distributions can be replaced by

unit step functions and one can simplify the equation to

I ≈ 4πe

ħ

eV∫
0

ρtip(EF −eV +ε)ρsample(EF +ε) |M |2 dε . (3.2)

Thus under these simplifications and assuming an energy independent matrix tunneling

element, the tunneling current is a convolution of tip and sample DOS. Tunneling prob-

abilities for the vacuum barrier can be calculated [157] and yield an exponential decay

dependent on tip to sample distance d :

|M |2 ∝ e−2dħ−1
p

2mφ (3.3)

Here, m is the electron mass and φ the barrier height, which depends on the work func-

tions of both tip and sample. Typically work functions of metals are in the range of several

eV and hence large compared to bias voltages.
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Tersoff-Hamann approximation

The problem for the quantitative interpretation of STM images is the unknown tip wave

function. A first approach to a theory allowing for an interpretation of STM images inde-

pendent of the tip configuration was presented in 1983 by Tersoff and Hamann [147, 149].

The main task was to find the solution to Bardeen’s integral [148] for the energy depen-

dent tunneling matrix element

Mµν =− ħ2

2m

∫
(ψ∗

µ∇ψν−ψν∇ψ∗
µ) ·d~S (3.4)

which was accomplished by using a spherical tip wave function (s-wave tip state) cen-

tered around a point~r0 of the tip apex. The integration is performed on a surface between

tip and sample lying completely in vacuum. Tip wave functions with angular momentum

l 6= 0 are neglected and the sample wave function is represented by a Fourier expansion

in terms of surface Bloch wave functions [147].

The result yields a tunneling matrix element, which is proportional to the sample

wave function at the center of curvature of the tip apex. Eventually a tunneling conduc-

tance is derived, which is proportional to the LDOS ρ(E ,~r0) = ∣∣ψ(~r0)
∣∣2
ρ(E) at the center

of tip curvature and exponentially dependent on the distance d between tip and sample

[147]:

I

V
∝ ∣∣ψ(~r0)

∣∣2
ρ(E) (3.5)

∝ e−2κd (3.6)

Here κ=ħ−1
√

2mφ is the wave function decay length into the tunnel barrier.

The use of a s-wave tip function suppresses higher Fourier components of the surface

wave function, as already stated in the original work by Tersoff and Hamann. This limits

the resolution to roughly 5 Å in the case of an estimated tip curvature of R = 9 Å and

a tip to sample separation of 6 Å [147]. The explanation for atomic resolution in STM,

where features in the 2–3 Å range are resolved could not be given based on this approach,

however the model proved to be very useful in the prediction of larger structures like

reconstructions and surface states [153].

Complex tip wave functions

In a more general approach matrix elements for higher tip wave functions can be cal-

culated from equation 3.4, leading to matrix elements proportional to derivatives of the

sample wave function ψ at center~r0 of the apex atom [150]. A pz tip wave function will

for instance have a matrix element

Mpz ∝
∂

∂z
ψ(~r0) (3.7)
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compared to a dzx wave function, which will show

Mdzx ∝
∂2

∂z∂x
ψ(~r0) . (3.8)

The underlying principle is the derivative rule [150], which allows to construct matrix

elements of other tip orbitals in a similar fashion. The result intuitively explains the im-

proved lateral resolution expected from higher order tip wave functions as present in

commonly used W, Pt or Ir tips [151].

I(V) spectroscopy and DOS

Returning to the assumption of an energy-independent matrix element M , which is fea-

sible in the case of low bias voltages for some tip configurations, we may write the matrix

element in front of the integral. If we furthermore assume a flat tip DOS in the region

around EF, we see that the tunneling current depends only on the integral over the DOS

of the sample:

I ≈ 4πe

ħ |M |2ρtip(EF)

eV∫
0

ρsample(EF +ε)dε (3.9)

Utilizing this, we can now take the derivative of the tunneling current with respect to bias

voltage and arrive at a differential conductance dI/dV proportional to the sample DOS:

dI

dV
∝ ρsample(EF +eV ) (3.10)

The differential conductance, or dI/dV signal forms the basis of STS. However, if

the DOS in a wider energy range of up to a few eV around EF is of interest, the bias

voltage is of the same order as the work function. In this case the finite barrier height of

the tunnel contact is increasingly important [Figure 3.3]. Electrons tunneling from the

Fermi level of the negative electrode feel a reduced barrier height compared to electrons

lower in energy. The following formula can be derived taking into account the energy

dependence of the matrix element [153]:

I ≈ 4πe

ħ

eV /2∫
−eV /2

ρtip

(
EF − 1

2
eV +ε

)
ρsample

(
EF + 1

2
eV ε

)
|M(0)|2 exp

(
κ0εd

φ

)
dε (3.11)

Including the energy dependence of the tunneling matrix element in the calculation

leads to an exponential dependence of the tunneling matrix element on the energy. The

constant κ0 = √
2mφ/ħ is the decay length with average work function φ. The equa-

tion shows the asymmetry of the tunneling problem, where a tunneling probability for

electrons with higher energy is increased by roughly one order of magnitude for realistic

tunneling conditions [153]. As an important consequence the tunneling current from tip

to sample preferentially probes the unoccupied states of the sample at energy EF + e |V |
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Figure 3.3 | High bias voltage
regime. With increasing bias voltages
the finite barrier height cannot be ne-
glected. The length of the red arrows
depicts the contribution of tunneling
electrons to the tunneling current.
(a) Situation for tunneling from tip to
sample, (b) from sample to tip.

(b)  V < 0(a)  V > 0
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with electrons coming from near the Fermi level of the tip [Figure 3.3 (a)]. On the other

hand, due to the asymmetry of the tunneling problem, the tunneling current from the

sample to the tip probes mainly the unoccupied states of the tip at EF + e |V | with elec-

trons from the Fermi level of the sample [Figure 3.3 (b)]. For spectroscopy of unoccupied

sample states this does not pose a problem. However, for spectroscopy of occupied sam-

ple states the situation leads to problems in the case of not sufficiently flat tip DOS. In

that case, spectroscopy would be mostly sensitive to the tip DOS instead of the sample

DOS [154, 153].

3.2 Measurement modes and experimental considerations

3.2.1 Topography

For topographic STM images the tunneling current is used to reconstruct a profile of

the surface. Basically there are two approaches, the constant current and the constant

height mode [155]. In the constant height mode the tip is moved at a constant z-value

and records the (exponentially) varying tunneling current to visualize the surface [Fig-

ure 3.4 (a)]. In the constant current mode on the other hand a feedback loop is used to

keep the tunneling current constant by adjusting the z-position of the tip [Figure 3.4 (b)].

While this approach has the advantage of avoiding tip crashes, we usually have a mixture

of both modes in reality controlled by the loop gain value, which determines the speed

at which the feedback loop reacts to the change in tunneling current I . Topography im-

ages are recorded using highest possible loop gain parameters and the z-piezo position

is used as a height measure z(x, y).

The height measured in STM does not necessarily correlate with the topography of

the sample. Therefore it is often called apparent height. In case of s-wave tip functions,

the matrix element is proportional to ψ(~r0) and thus the total tunneling current is the

integrated DOS contour [equation 3.5] within the integration range EF to EF +eV . When

it comes to more complex tip states, the measured tunneling current depends on deriva-

tives of the sample wave function and thus imaging can drastically increase the ampli-

tude of the measured topography [152]. Furthermore asymmetric tip orbitals, such as

the dzx etc. can lead to an asymmetric imaging of the surface, an effect occasionally ob-

served in the STM experiments presented later.
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Figure 3.4 | Scanning to-
pographies with STM. Con-
stant height (a) versus constant
current (b). In constant current
mode different loop gain settings
define the accuracy of the traced
contour.
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When imaging surfaces that consist of strongly varying LDOS, e.g. a graphene flake

edge on top of a metal substrate, the STM topography might even show inverted height

values compared to real topography. Similarly, features in the STM topographic image

might look like a "hole", nonetheless representing an overlying adsorbate but with con-

siderably smaller DOS.

3.2.2 I(V) spectroscopy and density of states

With STM the LDOS of the sample can be acquired by positioning the tip at a certain lo-

cation (x,y) of the sample surface and performing an I (V ) measurement. The tip to sam-

ple separation is adjusted using a stabilization voltage Vstab and a stabilization tunneling

current Istab. After opening the feedback loop, the tunneling current I is recorded while

sweeping the bias voltage V . A subsequent numerical derivation of the curve would give

as a result the differential conductance or dI/dV signal, which is proportional to the den-

sity of states of the sample (under previously discussed assumptions of low bias voltage

and low temperature):

dI

dV
(V ) ∝ ρsample(EF +eV ) (3.12)

Commonly, the dI/dV (V ) signal is acquired simultaneously with the I (V ) curve making

use of the lock-in detection technique.

Lock-in detection

The basic lock-in setup for dI/dV spectroscopy is depicted in Figure 3.5 (a). A modula-

tion voltage V (t ) = Ṽmod cosωt is added to the bias voltage V . This leads to a modulation

of the detected tunneling current I (t ) = I (V +Ṽmod cosωt ) in the STM tunnel junction. In

the lock-in amplifier, the modulation signal is shifted by a phase factor ϕ and multiplied

with the tunneling current and sent through a low pass filter. The lock-in output can be

described in the form [158, 145]

1

τ

τ/2∫
−τ/2

I (V + Ṽmod cosωt )cos(ωt +ϕ) dt (3.13)
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Figure 3.5 | Lock-in detection. (a) Principle setup for lock-in detection of dI/dV signals. (b) Example
of an I(V ) curve and the corresponding dI/dV signal. Parameters for spectroscopy: Vstab = 500 mV,
Istab = 200 pA, Vmod = 4 mV, T= 10.3 K, τ = 100 ms, fmod = 672 Hz.

with the integration time τ.

In the case of a small modulation voltage a Taylor expansion of the tunneling current

can be performed around V [155]:

I (V + Ṽmod cosωt ) = I (V )+ dI

dV
(V ) · Ṽmod cosωt +O

(
(Ṽmod cosωt )2) (3.14)

Plugging this into the averaging function above, one can see that the output will cancel all

signals with periodicity other than the reference frequency ω and the output of the lock-

in will be proportional to dI/dV . This is convenient, because we know from the theory of

electron tunneling that under certain assumptions the differential conductance dI/dV is

proportional to the DOS at an energy E = EF +eV .

The additional phase shift φ added to the reference signal is of experimental impor-

tance, since the complex capacity of the tip-sample system will give rise to a phase shift

of the measured tunneling current, which has to be compensated. Details can be found

in [158].

An example of an I (V ) curve and the corresponding dI/dV (V ) signal is depicted in

Figure 3.5 (b). The bias voltage V is always given with respect to the sample, such that

negative bias voltages give the density of the occupied sample states. The advantage of

the lock-in detection compared to a numerical derivation is the higher signal to noise

ratio. Since the modulation frequency can be chosen such that strong noise signals are

far away from the reference frequency, mechanical and electrical noise sources in the

setup can be eliminated [158].

Due to the smearing of the Fermi distribution and the lock-in technique, the exper-

imental energy resolution is limited by the two quantities temperature T and the root

mean square (rms) value of modulation voltage Vmod = Ṽmod/
p

2 according to [159]:

∆E ≈
√

(3.3kBT )2 + (1.8eVmod)2 (3.15)
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3.2.3 dI /dV mappings

Recording the dI/dV signal with spatial dependence (x, y) gives access to the variation

of LDOS features, a technique referred to as LDOS mapping or dI/dV mapping:

dI

dV
(x, y,V ) ∝ ρsample(x, y,EF +eV ) (3.16)

From the experimental point of view the LDOS mappings can be obtained by acquiring

a dI/dV spectrum at each position (x, y) of the sample surface and plotting values for

every bias voltage V in a single image. Of course obtaining a complete dataset ρ(x, y,EF+
eV ) corresponds to the perfect scenario, since one can subsequently pick the energies of

interest in order to analyze the spatial variation. However, such a measurement will take

a long time since a large number of data points has to be acquired, each of them being

limited by the lock-in integration time.

Therefore, in order to reduce the measurement time for measurements and in order

to obtain high spatial resolution, dI/dV mappings are acquired for selected bias volt-

ages simultaneously to the topography signal at this particular voltage. Experimentally,

the image is acquired with low speed to give sufficient lock-in integration time (9 ms per

point) with a feedback loop low-pass filter applied to prevent the system from crosstalk-

ing with the voltage modulation. Basically, the only difference between two dI/dV map-

pings acquired with the different approaches is connected to the stabilization voltage

used for the dI/dV measurement. Whereas the distance of the tip is stabilized at a partic-

ular voltage commonly above the highest voltage in the spectrum for a full dI/dV curve,

a simultaneously acquired dI/dV map is stabilized at a voltage corresponding to the bias

voltage V .

3.3 Investigating the band structure of surfaces using quasiparticle
interference mapping

Quasiparticle interference mapping, also referred to as Fourier Transform scanning tun-

neling spectroscopy (FT-STS) [160], allows to extract the dispersion relations of electronic

states at the surface using STS. The technique exploits the LDOS oscillations (Friedel os-

cillations [161]) present at surfaces due to interferences of electron waves after scattering

at defects and step edges. Friedel oscillations are easily observed for metal surface state

electrons [162, 163] because of increased coherence lengths in two dimensional systems.

3.3.1 Surface states

In infinite crystals, the bands are described using Bloch waves. However, at surfaces

the periodic crystal potential jumps to the vacuum level [Figure 3.6 (a)] interrupting the

periodicity of the crystal lattice. W. Shockley showed in 1939 that surface states evolve

in a gap region of the bulk crystal bands and are partially filled for all metals except the
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Figure 3.6 | Surface states. (a) Schematic representation of crystal potential and wave function
of a surface state. After [156]. (b) Schematic representation of the dispersion of a parabolic surface
state within the gap of projected bulk states. Grey shaded area indicates bulk states. Experimentally
observed for instance in Cu(111) and Ag(111) [164].

monovalent metals [165]. The wave functions are localized at the surface of the crystal

and decay exponentially into the vacuum region. Inside the crystal, the surface state

envelope function also shows an exponentially decaying behavior [153] as depicted in

Figure 3.6 (a).

The (111) noble metal surfaces Au(111), Cu(111) and Ag(111) show an sp-derived

surface state band in the Γ-L-projected band gap of the bulk states [164, 166, 167]. It

can be described as a free electron like band thus representing a system of 2D electrons.

An example of a surface state as it occurs in Cu(111) or Ag(111) [164] is plotted in Fig-

ure 3.6 (b). In Au(111) the surface state is Rashba split leading to a separation in two

parabolae [168, 169]. The surface state can be described with the parabolic relation of

a free electron gas according to E(k) = ħ2k2/2m∗ +E0. It is centered at the Γ point in

the surface projected Brillouin zone and shows a slight variation in effective mass m∗

and in offset energy E0 across the different noble metal surfaces with E0,Au = −0.49 eV,

E0,Cu =−0.43 eV and E0,Ag =−0.06 eV [164].

3.3.2 Standing waves and LDOS oscillations

In Figure 3.7 (a) the constant current image of a Cu(111) surface at low bias voltage is

shown. Standing waves are well visible along step edges and surrounding point defects.

The standing waves are associated with oscillations in LDOS, rather than topographic

corrugation. They represent long wavelength oscillations of the electron sea which de-

velop in order to screen the charge of the defect or impurity [161]. Their formation can

be understood based on an interference of the wave function of an incoming quasipar-

ticle with its scattered counterpart. The scattering is elastic and occurs at the charge

of a defect site leading to spherical standing waves (point defect) or plane waves (step

edges) [162]. Since dI/dV mappings are sensitive to the LDOS ρ(~r ,EF + eV ), which is

proportional to
∣∣ψ(~r )

∣∣2, a squaring of the wave function leads to a standing wave with
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(a) (b)

Figure 3.7 | Standing waves in two-dimensional electron gases. (a) Constant current image of
the Cu(111) surface (50×50 nm2, V = 0.1 V, I = 1 nA). (b) Spatial dependence of dI/dV measured
from step edge. Reprinted by permission from Macmillan Publishers Ltd: [162], copyright 1993.
→ Online.

periodicity corresponding to one half of the wavelength of the interfering waves. In Fig-

ure 3.7 (b) the spatial dependence of oscillations from dI/dV measurements at different

bias voltages is shown. The line plots represent the dI/dV signal depending on the dis-

tance from the step edge. One can observe a decreasing wavelength of the oscillations

for increasing bias voltage, which leads to the parabolic dispersion relation E(k) of the

Cu(111) surface state [162].

Experiments exploiting standing wave patterns have not only lead to a detailed un-

derstanding of metal surface states [162, 163, 166], but have also delivered deeper in-

sights into High-Tc -Superconductors [170], topological insulators [171], HOPG [60] and

graphene systems [74, 77]. In graphene, Friedel oscillations are represented by oscilla-

tions in the (
p

3×p
3)R30° superstructure due to the special form of the circular CECs

positioned at the K-points [60]. The observed LDOS oscillations are more complicated

and appear on the atomic scale [compare examples given for graphite, G/SiC and G/Cu

systems in Figures 2.9, 2.12 and 2.20].

3.3.3 Joint density of states and stationary phase approximation

The formation of standing waves can be described in the reciprocal space picture as

quasiparticle interferences (QPIs). A standing wave with scattering vector ~q forms after

elastic scattering between quasiparticle state~k and quasiparticle state~k ′:

~q =~k ′−~k (3.17)

http://dx.doi.org/10.1038/363524a0
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Figure 3.8 | Quasiparticle interferences. (a)
CEC of a parabolic surface state including a
possible backscattering vector~q between Bloch
states with ~k and ~k′. (b) All backscattering vec-
tors end on a circular contour in FT-LDOS.
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In the case of noble metal surface states, which are isotropic and centered at the Γ point

of the Brillouin zone, backscattering processes entail ~k = −~k ′ and result in an interfer-

ence pattern with periodicity λ = 2π/q = π/k. Therefore, considering backscattering in

all directions within the isotropic surface state, the Fourier-transformed local density of

states (FT-LDOS) will give rise to a circle in the middle with a radius q = 2k [Figure 3.8].

Understanding the standing wave patterns of more complex band structures requires

a more general description beyond simple backscattering processes. For the prediction

of FT-LDOS features the joint density of states (JDOS) concept [171, 172] will be briefly

explained, which can be used to understand QPI patterns based on the constant energy

contour (CEC) of arbitrary band dispersions.

Following the derivation of Simon et al. [172], LDOS oscillations due to quasi parti-

cle interferences can be described by linear combinations of the quasiparticles in Bloch

states before and after the scattering event leading to the expression

ρ(E ,~r ) ∝
∫
~q

|ψ~q (~r )|2δ(E −E(~q)) d~q (3.18)

∝
∫
~q

g (E ,~q)e i~q~r d~q . (3.19)

Here the interference term
∣∣ψ~q ∣∣2 is formed by linear combinations of initially unper-

turbed Bloch states with wavevectors~k and~k ′. The interference term can be written as a

Fourier coefficient of the LDOS with

g (E ,~q) =
Ï

E(~k)=E(~k ′)=E

f (~k,~k ′,~G)δ(~q −~k +~k ′± ~G) d2k d2k ′ . (3.20)

~G is a reciprocal lattice vector and f is a weighting factor which controls the scattering

probability between two states based on the precise configuration and nature of defects.

If various scatterers of different kind are present, one can assume f to be smoothly vary-

ing as a function of ~k and ~k ′ and g (E ,~q) coincides with the JDOS, which in principle is

constructed by counting the number of scattering vectors ~q =~k −~k ′± ~G with the initial
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Figure 3.9 | Scattering in graphene. (a) CEC at a binding energy of E = 1 eV calculated with the
tight binding solution in equation 2.5. The dashed hexagon resembles the Brillouin zone of graphene.
(b) JDOS calculation according to equation 3.21. (c) JDOS with additional stationary phase condition
according to equation 3.25.

and final states lying on the CEC [172]:

JDOS(E ,~q) =
Ï

E(~k)=E(~k ′)=E

δ(~q −~k +~k ′± ~G) d2k d2k ′ (3.21)

The JDOS is connected to the FT-LDOS as it can be measured by STM. However JDOS

neglects the scattering probabilities and therefore JDOS gives only a first approximation

of the FT-LDOS features. Differences between JDOS and FT-LDOS in experiment will be

discussed in the following.

A typical JDOS calculation for graphene scattering at energies away from the Dirac

point, where trigonal warping already plays a dominant role, is presented in Figure 3.9 (a-

b). The features in JDOS are formed by scattering processes between two points within

the same valley (intravalley) or between two adjacent valleys at K and K’ (intervalley).

Features in the JDOS show a sharp contour with filled intensity within the contour. The

filled contour in the JDOS calculations in Figure 3.9 (b) depicts differences compared

to real experiments where only the contour is observed [72] showing the limitation of a

JDOS calculation according to equation 3.21.

In a more elaborate formulation of the scattering problem, one can write the LDOS

ρ(E ,~r ) using the retarded Green’s function Gr (E ,~r ,~r ′) [173]:

ρ(E ,~r ) =− 1

π
Im

[
Tr

[
Gr (E ,~r ,~r )

]]
(3.22)

Here, the retarded Green’s function Gr (E ,~r ,~r ′) can be viewed as the relative probability

amplitude of a particle appearing at~r via different paths which was previously created at

~r ′ (by the tip) [173]. Using the T -matrix approximation one can solve the problem includ-

ing the precise scattering potential of the impurity and the effects of multiple scattering,

given the Hamiltonian of the system is known and the impurity potential is localized
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[160]. Finally, the change in LDOS δρ compared to the background value ρ0 is given by

[174]

δρ(E ,~r ) = ρ(E ,~r )−ρ0(E) (3.23)

=− 1

π
Im

Ï
d2k d2k ′

(2π)4 e i (~k−~k ′)·~r Tr
[
Gr

0(E ,~k)T (E ,~k,~k ′)Gr
0(E ,~k ′)

]
. (3.24)

Here Gr
0(E ,~k) is the free retarded Green’s function in momentum space and T the T -

matrix containing the precise scattering potential. The above expression can be used

to calculate the decay of the LDOS oscillations [174]. Instead of giving a comprehen-

sive review of the calculations here, the focus is on the integral with the oscillatory term

e i (~k−~k ′)·~r which will only give a contribution to the LDOS oscillations if first the scattering

condition ~q =~k −~k ′± ~G is fulfilled and second the phase in the integral is not strongly

varying, since then the LDOS oscillation will vanish as a result of destructive interference.

This circumstance is connected to the stationary phase approximation and is discussed

in [175, 174]. For large distance r from the impurity the phase oscillates rapidly leading

to remaining contributions only for pairs of stationary points~k and~k ′. The condition for

stationary point pairs in a measurement with many scatterers can be given in the form

[174]

∇~k E(~k)
∣∣∣
~k
=− ∇~k E(~k)

∣∣∣
~k ′ . (3.25)

The condition requires an antiparallel orientation of gradients, which is reasonable when

considering that the gradient describes the group velocity v⊥ =ħ−1|∇~k E(~k)| of the bands

in solid state physics. In the JDOS calculations the stationary phase condition can be

implemented in equation 3.21. An example for the calculation of graphene including

the stationary phase approximation (JDOS SP-) is shown in Figure 3.9 (c). One can see

that compared to the JDOS calculation without stationary phase condition, the intensity

inside the scattering features is suppressed and the result reproduces the experimental

situation [72]. The stationary phase approximation gives a more precise prediction of

FT-LDOS features.

In the case of parabolic surface state bands the standing waves are formed by backscat-

tering with~q = 2~k where the involved Bloch states~k and~k ′ are antiparallel as depicted in

Figure 3.10 (a). Other scattering vectors with~k ′ 6= −~k are not possible due to the violation

of the gradient condition in equation 3.25.

Scattering between states with lifted spin degeneracy

JDOS has to be understood as a first approximation of the FT-LDOS, since it does not con-

sider the precise configuration of the scatterers and the scattering probabilities between

single states. In particular it was shown that scattering can be suppressed due to lifted

spin degeneracy. A scattering between points on the CEC with different spin orienta-
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Figure 3.10 | Scattering vectors in systems with and without spin degeneracy. Examples of
possible scattering vectors ~q1 and suppressed scattering vectors ~q2 for the CECs of (a) spin de-
generate parabolic surface states including stationary phase approximation and (b) parabolic surface
states with Rashba spin splitting. (c) In monolayer graphene with pseudospin (orange arrows) the
intravalley scattering~q intra is suppressed.

tion, as they occur in topological insulators or Rashba-split surface states, does not occur

since the wave functions before and after the scattering are orthogonal [171, 176, 177].

In topological insulators and Rashba split surface states a fixed relation between the spin

and the CEC is found. An example of the CEC for a Rashba spin-split parabolic surface

state is depicted in Figure 3.10 (b). For the scattering between states on the CECs, all

restrictions from JDOS as discussed above have to be obeyed. In addition, considerable

intensity is only expected for scattering between points on contours, where the spin of

the involved states ~k and ~k ′ is aligned parallel. In the Rashba-type CEC this is the case

for scattering vectors ~q1 between circles with opposite direction of spin rotation.

A similar selection rule applies for graphene due to the pseudo-spin [72, 77]. Here,

backscattering within one valley, referred to as intravalley backscattering is not expected

due to the antiparallel alignment of the pseudo-spin texture [Figure 3.10 (c)]. Conse-

quently, the intravalley scattering reflex in FT-LDOS predicted by JDOS in Figure 3.9 (c)

is expected to be suppressed for perfect monolayer graphene [72, 77].
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4 | Experimental setup, additional
experimental techniques and sample
preparation

4.1 Experimental setups used in this work

The experiments were performed under ultra high vacuum (UHV) conditions in two STM

setups from Omicron Nanotechnology: A VT STM/AFM setup [Figure 4.1] and a Cryo-

genic STM setup [Figure 4.2]. Both setups consist of independent analysis and prepara-

tion chambers. In situ sample preparation was performed in the attached preparation

chamber. The preparation chambers are equipped with identical instrumentation for

Figure 4.1 | VT STM/AFM by Omicron
Nanotechnology. (a) UHV setup includ-
ing independent analysis and preparation
chambers. Sample characterization meth-
ods are STM (1), LEED (2) and PES (3).
(b) Zoom of analysis chamber with STM
(1) and LEED (2) equipment.
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Figure 4.2 | Cryogenic STM by Omicron
Nanotechnology. (a) UHV setup includ-
ing 4He cryostat (1), passive pneumatic
damping system (2), STM chamber (3)
and preparation chamber (4). (b) Zoom
of the independent analysis and prepara-
tion chambers. The preparation chamber
is equipped with a LEED system (5).
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sample preparation including a sample flashing station (electron beam heating) for an-

nealing at high temperatures and resistive heating for intermediate annealing tempera-

tures. An Ar+ sputter gun for surface bombardment, effusion cells and electron beam

evaporators for metal deposition and leak valves for a precise gas inlet are available.

Both setups allow for a quick LEED characterization. The Omicron VT STM/AFM setup

is furthermore equipped with a hemispherical electron energy analyzer and excitation

sources for PES experiments.



4.2 Scanning tunneling microscopes 53

(a) (b)

Figure 4.3 | Sample and tip during an STM experiment. (a) Omicron VT STM/AFM with STM tip
inserted. Sample not loaded. (b) Omicron Cryogenic STM: Tip (top) and Ir(111) sample (bottom) are
loaded.

4.2 Scanning tunneling microscopes

Omicron VT STM/AFM

The Omicron VT STM/AFM is capable of STM and AFM (atomic force microscopy) mea-

surements using exchangeable tip/cantilever holders [Figure 4.3 (a)]. Experiments can

be performed at variable temperature of the sample using liquid nitrogen or helium cool-

ing. A minimum temperature of ∼25 K is reached. STM measurements were performed

using tungsten tips, which were chemically etched and in situ flash annealed by elec-

tron bombardment. The bias voltage in this work is given with respect to the sample,

i.e. negative bias voltage probes the occupied states of the sample. All topographies pre-

sented within this thesis are constant current images. In this thesis STM images with the

Omicron VT STM setup are acquired always at room temperature.

Omicron Cryogenic STM

The Omicron Cryogenic STM setup facilitates high resolution and low noise STM mea-

surements at low temperatures [Figure 4.2]. The 4He evaporation cryostat gives a min-

imum measurement temperature of ∼1.5 K. The setup is equipped with a 3d magnetic

vector field ~B with superconducting coils allowing for a measurement in magnetic field

up to Bz = 6 T perpendicular to the sample surface and Bx y = 1 T in-plane. In order to

achieve good stability, the system is installed on a 30 tons concrete block and equipped

with an additional passive pneumatic damping system. Details on the setup can be

found in the thesis of S. Bouvron [158].

STM experiments were performed using tungsten tips [Figure 4.3 (b)], which were

chemically etched and in situ flash annealed by electron bombardment. The bias volt-

age in this work is given with respect to the sample, i.e. negative bias voltage probes the

occupied states of the sample. All topographies presented within this thesis are constant
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current images. All dI/dV spectra were acquired using a Standford Research Systems

SR 830 DSP lock-in amplifier. Modulation voltages are given in the figure captions. The

modulation frequency fmod was set to values between 600–800 Hz to operate at a fre-

quency with minimum internal noise (compare the thesis of S. Bouvron for a determina-

tion of noise sources within the setup [158]). All low-temperature STM measurements in

this thesis were performed in the Omicron Cryogenic STM setup.

4.3 Additional techniques

4.3.1 Photoelectron spectroscopy

Based on Einstein’s photoelectric effect, the method of photoelectron spectroscopy (PES)

has evolved to a very powerful tool for the characterization of material and the investiga-

tion of electronic properties. A recent review can be found in [178].

The basic idea of PES is depicted in Figure 4.4 (a). Photons of energy hν release elec-

trons from the sample which are characterized in an energy analyzer regarding their ki-

netic energy Ekin. A photon releasing an electron from either the core levels or from the

valence band of the sample has to bring up the binding energy EB measured from the

Fermi level EF and the work function of the energy analyzer Φ [Figure 4.4 (b)]. Energy

conservation yields the following relation for the kinetic energy [178]:

Ekin = hν−EB −Φ (4.1)

The number of electrons corresponding to each kinetic energy gives rise to the spectrum

N (Ekin) of the occupied states of the sample. The spectrum N (Ekin) allows for an extrac-

tion of binding energies according to equation 4.1. For typical energies of the emitted

electrons on the order of 100–1000 eV, the inelastic mean free path shows a minimum

ρ

E

spectrum
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0

(b)

valence band

hν

core
levels

Φ

(a)
N

Ekin

hν e-

EB 0

Figure 4.4 | Photoelectron spectroscopy. (a) Schematic representation of the photoelectron emis-
sion. A photon with energy hν leads to the emission of an electron with kinetic energy Ekin. (b)
Core-level and valence band density of states ρ(E) of the sample and corresponding experimental
spectrum N(Ekin).
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and entails a large surface sensitivity of PES [178].

In the case of illumination with x-rays, the method is referred to as x-ray photoelec-

tron spectroscopy (XPS) and is well suited for the investigation of core levels since the

energy of the photons is sufficient to release electrons also from deeper shells (higher

binding energy). The binding energies of electrons emitted from core levels are charac-

teristic for different elements and deliver the basis for elemental composition determi-

nation based on XPS.

The large potential of the XPS method is based on the chemical specificity stored

within the binding energies of core levels. The investigation of binding energies of sulfur

in Na2S2O3 was the first clear confirmation of a chemical shift [179] which is related to

the chemical environment of the atom. This very simple but effective characterization of

core level binding energy shifts is used for the determination of chemical bonding. Large

databases of spectroscopic information allow to compare with reference materials.

In this work an Al-Kα (hν= 1486.6 eV) X-ray source was used. The combined energy

resolution of the X-ray source and the electron analyzer is 1.0 eV. XPS is used to verify

the cleanliness of the samples as well as for the investigation of binding energy shifts in

graphene on several substrates.

4.3.2 LEED

Low energy electron diffraction (LEED) [180, 181] is a standard surface analysis method

for the investigation of crystal structures of surfaces. The principle is depicted in Figure

4.5 (a). Low energy electrons in the range of 20–300 eV are incident onto the crystal sur-

face with wavevector~k0. The wavelength of electrons in this energy range is comparable

to interatomic spacings. Therefore electrons are backscattered with wavevector ~k and

hit a fluorescent screen giving rise to diffraction spots [Figure 4.5 (b)]. Due to the limited

mean free path of low energy electrons, LEED is a surface sensitive method.
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Figure 4.5 | Low energy electron diffraction. (a) Schematic representation of the LEED exper-
iment. (b) Hexagonal LEED pattern on the screen viewed in the direction of the incident electron
beam. Reciprocal lattice vectors and first order spots are labelled. (c) Ewald construction in one
dimension.
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The position of the diffraction spots can be derived in first order applying kinematic

scattering theory, where multiple scattering is neglected [180, 181]. The scattering con-

dition when considering the sample surface becomes

~q|| =~k||−~k0,|| = ~G|| . (4.2)

The equation shows that the difference between the components of the wavevectors par-

allel to the surface have to coincide with a reciprocal lattice vector. This condition can be

constructed easily using a simple Ewald construction as demonstrated in Figure 4.5 (c).

Rods perpendicular to surface cut the points of the reciprocal lattice. The wavevector~k0

ends on a reciprocal lattice point and a sphere with radius
∣∣∣~k0

∣∣∣ = √
2me E/ħ2 is drawn

around the starting point of the wavevector~k0. Due to the two-dimensional surface, the

scattering condition is fulfilled for all intersections between rods and the Ewald sphere.

Consequently the diffraction pattern on a spherical screen reproduces the symmetry of

the reciprocal lattice of the sample surface [180]. When the energy E of the incoming

electrons is increased (decreased), the radius of the Ewald sphere increases (decreases)

and the rods cut at different positions. LEED allows to characterize the surface with re-

gard to crystal structure of the surface, contaminations and coincidence overlayers such

as lattice mismatched graphene systems [180].

4.4 Sample preparation

The complete sample preparation was performed in UHV conditions with base pressures

p < 2×10−10 mbar. Experiments were performed with Ir(111) and Rh(111) single crystals

from Mateck GmbH. The samples were mounted on tungsten or molybdenum sample

holders.

4.4.1 Preparation of clean single crystal surfaces

A rigorous depletion of residual carbon dissolved in the bulk is envisaged. Cleaning cy-

cles follow standard UHV procedures including Ar+ sputtering, flash annealing using

electron bombardment and high temperature annealing in oxygen atmosphere.

• For Rh(111), cleaning was performed using Ar+ sputtering at 1.2 kV, high tem-

perature annealing in pO2 = 1×10−7 mbar oxygen atmosphere at temperatures of

∼730 ◦C and flash annealing for 5 s at ∼1230 ◦C.

• For Ir(111), cleaning was performed using Ar+ sputtering at 2.0 kV, high tempera-

ture annealing in pO2 = 1×10−7 mbar oxygen atmosphere at temperatures between

900–1150 ◦C and flash annealing for 5 s at up to 1800 ◦C.

A cleaning cycle was preferentially finished with an O2 annealing step followed by high

temperature flash annealing. Several cleaning cycles are performed until LEED inves-
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tigations show sharp (1×1) substrate spots without superstructure spots. Occasionally

STM and XPS characterizations were performed to verify the surface quality.

4.4.2 Graphene preparation

For the graphene growth on metal surfaces the thermal decomposition of hydrocarbons

is used. CVD and TPG preparation procedures can be distinguished as described in sec-

tion 2.3.3.

Graphene on Rh(111)

Graphene on Rh(111) was prepared by CVD. A precise temperature setting for the CVD

growth was found to be important in order to limit carbon dissolution and graphene

growth via segregation. The sample was pre-annealed to reach Tcrack. Cracking of ethy-

lene or propylene in phydrocarbon = 3×10−8 mbar was performed at Tcrack of 630–830 ◦C

for 45 minutes. Finally a post-annealing with closed hydrocarbon leak valve at Tcrack was

performed for 5 minutes.

Graphene on Ir(111)

The preparation of high quality G/Ir(111) is achieved for a variety of parameter sets in-

cluding preparation at low hydrocarbon partial pressures (slow growth rate) as well as

high hydrocarbon partial pressures (large growth rate). The ease of high-quality graphene

preparation on Ir(111) is connected to the absent carbon dissolution below 2000 K [182]

limiting graphene growth via segregation.

Full monolayers of graphene are prepared using the CVD procedure. Graphene flakes

with various sizes are prepared by TPG using carefully selected annealing temperatures

to control the average flake size. Higher coverages or increased flake sizes are achieved

by several consecutive TPG cycles. The CVD growth procedure may be initiated by a

graphene flake pre-seeding using TPG to increase the single crystal quality. The prepa-

ration parameters were adjusted based on procedures given in [31, 24].

• CVD: Pre-annealing of the sample for 2 minutes at Tcrack. Cracking of ethylene or

propylene in phydrocarbon = 1×10−6 mbar was performed at Tcrack of 1100–1300 ◦C

for 2 minutes. Finally a post-annealing with closed hydrocarbon leak valve at Tcrack

was performed for 2 minutes.

• TPG for large flakes: Room temperature pre-adsorption of C2H4 at phydrocarbon =
1×10−7 mbar for 90 seconds, closing of leak valve and post-annealing for 25 sec-

onds with T held between Tt=0s = 1100 ◦C and Tt=25s = 1300 ◦C.

• TPG for small flakes: Room temperature pre-adsorption of C2H4 at phydrocarbon =
1×10−7 mbar for 90 seconds, closing of leak valve and post-annealing for 25 sec-

onds with T held between Tt=0s = 930 ◦C and Tt=25s = 1220 ◦C. The majority of
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graphene flakes is distributed across the terraces without connection to Ir steps

with a diameter ranging from 9–30 nm.

4.4.3 Deposition of metals

High purity Ni was evaporated by electron bombardment in homemade evaporators.

High purity Au and Ag was evaporated from effusion cells. The rate was pre-calibrated

using a quartz micro balance and the final coverage for partially closed surfaces was de-

termined by STM.

4.4.4 Intercalation

Intercalation was performed between 400 ◦C and 600 ◦C. The intercalation turned out

to be uncritical to temperature variations within this temperature range. Annealing was

performed by resistive heating using a thermocouple for precise temperature control.
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into graphene/metal systems

The moiré superstructure in graphene on metal systems induces topographic corruga-

tion and electronic modulation which affects the self-assembly of molecules [183, 184]

and metal cluster array formation [185, 186] deposited on top of various templates. Of-

ten a preferred adsorption is found for ring-fcc or ring-hcp regions within the graphene

moiré cell giving rise to an ordered array of metal clusters [185, 186]. The interactions be-

tween material on top, graphene itself and the metal substrate below are diverse, leading

for example to unforeseen thermal stability of Ir clusters on a G/Ir(111) template [185],

a property quite unexpected for inert graphene or graphite substrates. In the latter ex-

ample the increased stability was shown to be connected to a modification of graphene’s

local bonding at preferred adsorption sites from a sp2 to sp3 hybridization thus trans-

forming the physisorption to chemisorption locally [187].

Graphene can not only serve as a template for the self-organization of material, it

may also be used as a cover. In order to prevent ferromagnetic 3d metals from oxidation

in air for example, graphene was proposed as a protecting layer [188]. For this purpose

materials can be intercalated into the interface of graphene and its supporting substrate

allowing for the preparation of G/ferromagnet hybrids [189]. The graphene layer cov-

ering the magnetic film was shown to influence the preferred magnetization direction

of the film drastically [189] underlining the importance of electronic interactions. In-

deed the interaction between graphene and substrate states at the interface gives rise

to a multitude to magnetic phenomena. A recent work shows a transfer of magnetic mo-

ment from the substrate into the graphene layer for graphene on Ni(111) [132]. The effect

is based on a hybridization between the spin polarized Ni 3d states and the graphene π

band which induces a spin polarization at the carbon K-edge as investigated with X-ray

circular magnetic dichroism.

In this chapter the intercalation of the 3d metals Ni and Fe into two different graphene

on metal systems G/Ir(111) and G/Rh(111) is studied. The experiments showed a surpris-

ingly strong influence of the graphene moiré and the local variation of bonding strengths.

While the local bonding variation can lead to a preferential arrangement of material

into size-selected intercalated nanoislands, the increased overall interaction after 3d

metal intercalation is visualized by the formation of an artificially lattice-mismatched

59
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graphene system with large moiré corrugation. Finally, the possible intercalation routes

of the 3d metals Fe and Ni through a full monolayer of graphene are discussed. This

section is a contribution to a more detailed understanding of the morphology of interca-

lated graphene systems. The combination of G/Rh(111) as a system with strong interac-

tion and G/Ir(111) as a system with weak interaction in particular gives complementary

information on the microscopic picture of the intercalation process.

5.1 Graphene on iridium and rhodium substrates

First, the two investigated graphene on metal systems are compared in terms of a topo-

graphic and electronic modulation of the moiré superstructures.

5.1.1 G/Ir(111)

G/Ir(111) was prepared by chemical vapor deposition as described in chapter 4.4.2. The

single domain growth in the R0° alignment is easily confirmed by LEED analysis. A typi-

cal LEED image is shown in Figure 5.1. The parallel alignment of graphene and substrate

lattices~kG and~kIr is indicative of the growth of an R0° graphene moiré. The hexagonal

superstructure spots spanned by the moiré cell (cyan arrows) yield a moiré periodicity

of am = (2.6±0.1) nm in agreement with literature [31]. The expected moiré periodicity

according to equation 2.21 amounts to am = 2.62 nm for lattice parameters aC = 2.46 Å

[35] and aIr = 2.715 Å [109]. In terms of the following intercalation experiments, it is

worth noting that the moiré superstructure cell is very sensitive to periodicity changes

and rotations of the underlying layer as discussed from equation 2.23. The rotation of

the substrate and graphene lattices would lead to a change in moiré superstructure pe-

riodicity and rotation.

Atomic structure, topographic corrugation and bonding

The structure of G/Ir(111) has been studied extensively in literature [185, 31, 103, 24, 110].

In Figure 5.2 (a) an atomically resolved topography of G/Ir(111) is shown. The image fea-

Figure 5.1 | Graphene on Ir(111). LEED pat-
tern of G/Ir(111). Sharp superstructure spots
are indicative for single domain graphene. The
graphene and substrate lattices are parallel giv-
ing rise to a R0◦ moiré. 75 eV

kG

kIr

km

determination of a_m:

a_m = l_G/l_m * a_G

 = 2.59 nm

l_G = 40.481

l_m = 3.842

aus Bild 2011-11-24/2011-11-24_MED_INV_01_E_75_0_supp
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Figure 5.2 | Structure of R0◦ graphene on Ir(111). (a) Atomically resolved STM topography of the
moiré. The white rhombus outlines the moiré supercell. STM data by A. Zusan [145]. (b) Apparent
height profile along the Ir [112] direction crossing the diagonal of the moiré supercell. (c) Ball model
of a 10C/9Ir moiré superstructure. Scanning parameters: 8.6×8.6 nm2, V = 0.13 V, I = 20.6 nA,
T= 300 K.

tures two hexagonal structures on different length scales. The larger periodicity is the

moiré superstructure of G/Ir(111) and arises due to the lattice mismatch of substrate and

graphene. The second hexagonal structure represents the atomic lattice of graphene. It

exhibits dark dots surrounded by a bright ring, which corresponds to the carbon atoms.

The ring-like appearance of the honeycomb lattice everywhere on the image suggests

similar bonding strength of carbon atoms in both sublattices. The moiré cell is depicted

in white and features four depressions at the corners (dashed circle) and two inequiva-

lent high symmetry moiré sites within the rhombus (square and star). The line profile

across the moiré cell is shown in Figure 5.2 (b) and underlines the different apparent

height between the two high symmetry sites within the cell.

In Figure 5.2 (c) a ball model of the moiré supercell is shown representing the closest

commensurate unit cell placing 10 C rings on 9 Ir atoms (p = aG/aIr = 2.46 Å / 2.715 Å

= 0.906). The high symmetry sites within the moiré cell are ring-atop, ring-fcc and ring-

hcp marked by dashed circles, stars and squares, respectively. The assignment of ring-

fcc and ring-hcp sites in the experiment is achieved by comparison of the apparent height

with reference [31], where this was determined using atomic resolution of graphene and
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substrate across the edge of a graphene flake.

Importantly, the apparent height of G/Ir(111) in STM topographies depends largely

on the bias voltage and the STM tip configuration, in principle showing two contrast

types [31]: On one hand the appearance presented in Figure 5.2 (a) and on the other

hand a contrast, where the ring-atop sites of the moiré superstructure appear brighter

than the ring-fcc, ring-hcp and ring-bridge sites [31]. The switching between the two con-

trast types can occur spontaneously as a result of tip changes, however also a bias voltage

dependence is observed [123]. DFT studies show that the real topographic buckling of

the graphene layer is on the order of ∆h = 0.35 Å [110] with the ring-atop positions rep-

resenting the sites with largest substrate graphene distance and ring-fcc, ring-hcp and

ring-bridge sites with smaller distances between graphene and substrate. Despite the

small topographic buckling according to DFT [110], a large apparent height corrugation

of the moiré on the order of 0.75 Å is evidenced in Figure 5.2 (b). Consequently, the ap-

pearance of the graphene in Figure 5.2 (a) represents predominantly the locally varying

DOS and thus allows for an inverted imaging compared to topography. The expression

dark-atop-contrast [31] is commonly used for the particular moiré appearance shown in

Figure 5.2 (a).

5.1.2 G/Rh(111)

G/Rh(111) can be grown by CVD with high quality. A precise selection of preparation

parameters is necessary, since carbidic phases can be formed and dissolution of C in the

Rh surface and eventually segregation were found to play a crucial role for the quality of

G/Rh(111) (see also [190]). The samples presented here are prepared according to the

recipe described in section 4.4.2.

The quality of the graphene is judged based on LEED [Figure 5.3]. For high quality

graphene preparations diffraction spots in LEED suggest a parallel alignment of graphene

and substrate lattice (~kG and~kRh). Moiré superstructure spots are sharp and several or-

ders are observed surrounding the substrate and graphene spots indicative of large single

crystal domains with identical orientation. The moire periodicity measured from the dis-

Figure 5.3 | Graphene on Rh(111). LEED
image of graphene moiré on Rh(111). The
graphene and substrate lattices are parallel giv-
ing rise to a R0◦ moiré. LEED experiment by O.
Zander.
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Figure 5.4 | Structure of R0◦ G/Rh(111). (a) Atomically resolved STM topography of the moiré. The
white rhombus outlines the moiré supercell. (b) Apparent height profile along the Rh [112] direction
crossing the diagonal of the moiré supercell. (c) Ball model of a 12C/11Rh moiré superstructure.
Scanning parameters: 9×9 nm2, V= 0.47 V, I= 4.2 nA, T= 300 K.

tances between superstructure spots (~km) amounts to am = (2.90±0.05) nm compared

to an expected value of am = 2.88 nm derived according to equation 2.21 with aC = 2.46 Å

[35] and aRh = 2.69 Å [109].

Atomic structure, topographic corrugation and bonding

The atomically resolved STM topography of G/Rh(111) is shown in Figure 5.4 (a). The im-

age shows the moiré supercell delimited by bright protrusions at the corners marked by

dashed circles. Very pronounced features within the cell are five depressions, one in the

middle of the cell and four at the cell borders marked by a small full circle. Three adjacent

depressions constitute a triangle which gives the characteristic appearance of the moiré

on larger scales. The two high-symmetry positions (marked with a star and a square)

within the moiré cell enclosed by a triangular arrangement of the dark depressions each,

are inequivalent in height as visible in the line profile in Figure 5.4 (b). Hence, the bright

protrusions can be assigned to the ring-atop positions, whereas the two high-symmetry

points enclosed by a triangular arrangement of dark depressions are the ring-fcc and

ring-hcp positions. According to the 12C/11Rh commensurate ball model in Figure 5.4
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(c) the depressions at the moiré cell borders correspond to ring-bridge positions, where

the carbon ring is placed between fcc and hcp hollow sites. The brighter one of the two

sites enclosed by the ring-bridge positions within the moiré cell was assigned to the ring-

fcc arrangement according to DFT calculations [112].

The spatial modulation of the apparent STM height across the unit cell depends on

the scanning parameters and was found to vary between 0.5 Å and 1.5 Å. For the origin

of the local variation in apparent height both real topographic corrugation and LDOS

variations have to be considered, both not unambiguously separable in STM. The line

profile in Figure 5.4 (b) of G/Rh(111) is found to follow the topographic buckling of the

graphene layer known from DFT [112, 88] largely and locally varying DOS contributions

appear to be less important for the STM appearance compared to the real topographic

buckling. The appearance in STM predominantly shows bright ring-atop contrast, sug-

gesting a considerable variation in the local bonding of the graphene layer, since the lat-

ter leads to a large topographic buckling of the layer. This is in contrast to the findings for

G/Ir(111), where the topographic buckling of the layer is small and the apparent height

in STM images frequently shows inverted contrast.

Compared to G/Ir(111), the structure of the moiré on Rh(111) shows a more intri-

cate substructure and suggests the bridging positions to be of special interest, see Figure

5.4 (b). Indeed, ring-bridge sites were shown to be energetically preferred on G/Rh(111)

[112] and G/Ru(0001) [119] and yield relatively strong graphene-substrate bonding. They

represent the closest adsorption site in G/Rh(111). The moiré corrugation found in DFT

is large ranging from 1.1 Å and 1.6 Å with differences arising from the type of imple-

mented DFT functional [112, 88].

Comparison and Discussion

The presented graphene on metal systems represent candidates for weakly interacting

and strongly interacting systems. Both systems show a comparable lattice mismatch of

roughly 10%. Since the degree of interaction drives the amount of real topographic buck-

ling of the graphene layer, LDOS modulations are more important in flatter G/Ir(111), ev-

ident in inverted imaging contrasts compared to real topography. The different degrees

of interaction correlate with PES experiments reported in literature, which testify a Dirac

cone which is largely preserved in G/Ir [125, 28] compared to a destroyed Dirac cone and

severely shifted π-band in G/Rh [191]. A special importance of the ring-bridge regions

in G/Rh is found evident in a decreased graphene-substrate distance compared to sur-

rounding atoms in difference to systems such as G/Ru(0001)[192] and G/Ir(111) [110].
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5.2 Intercalation

The following section will show that pre-deposited metal atoms can be inserted into the

interface between graphene and substrate upon annealing, referred to as intercalation

[127, 32]. The term originates from graphite intercalation compounds, where a certain

material is inserted between the weakly bonded graphene planes of graphite eventually

forming a regular sequence of intercalant-graphite layers [127]. Later, the term interca-

lation was extended to graphite monolayers on metals, where intercalation refers to the

insertion of material into the graphene-substrate interface [32], which corresponds to

the intercalation term used in this work.

Intercalation experiments are performed as sketched in Figure 5.5. Full graphene

monolayers on either Rh(111) or Ir(111) metal surfaces are prepared using CVD growth

resulting in mainly R0° oriented graphene on Rh(111) or Ir(111) as discussed in section

5.1. After deposition of the metal, the sample is annealed between 400–600 ◦C as speci-

fied in the text and investigated by STM after cool down.

Ir(111)

Ni depositionG/Rh(111) Annealing G/Ni/Rh(111)

Figure 5.5 | Schematic representation of the intercalation experiment. (a) A full monolayer of
graphene on metal surfaces is prepared by CVD. (b) The metal is deposited commonly at room
temperature. (c) The sample is annealed at temperatures between 400–600 °C. (d) The intercalation
sample is investigated in STM at room temperature.

5.2.1 G/Ni/Rh(111): Size selected intercalated nanoislands

First, the intercalation into the G/Rh(111) system is studied1. In Figure 5.6 the STM

topography of a G/Rh(111) sample with pre-deposited Ni clusters is shown after a post-

annealing at 600 ◦C for 20 min. The atomically intact graphene layer continuously runs

from the lower to the upper terrace giving rise to a shift of the moiré supercell as a result

of the shift between atomic layers of adjacent terraces on the Rh(111) surface. The shift

is visualized in Figure 5.6 (a) by straight white lines following the ring-bridge positions

of the moiré, i.e. since the graphene is grown in R0° orientation this coincides with the

Rh 〈110〉 direction. Hence, any bending of the graphene carpet on top of an obstacle is

visualized by the lateral displacement of the moiré structure appearance.

1The results on intercalation of Ni and Fe into the G/Rh(111) interface were published in ACS Nano 6,
151–158 (2012) under the title Size-Selected Epitaxial Nanoislands Underneath Graphene Moiré on Rh(111)
[191] and are presented and discussed in similar form in this section.
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Figure 5.6 | Clusters and intercalated nanoislands on G/Rh(111). (a) STM topography obtained
after Ni deposition followed by annealing up to 600 °C for 20 minutes. Red arrows point at Ni clusters
on top of graphene which were moved by the STM tip during acquisition of the image. (b) A height
profile along the red line in (a) allows for a discrimination between Ni clusters on top of graphene and
intercalated nanoislands. Scan parameters: 150×75 nm2, V = 1.2 V, I = 1 nA, T = 300 K. Reprinted
with permission from [191]. Copyright 2012 American Chemical Society. → Online.

The two main features visible in the STM topography in Figure 5.6 (a) are large clus-

ters (white) and flat hexagonal islands. The first feature, the white clusters, are residual

Ni agglomerations with height in the range of several nanometers [compare line profile

in Figure 5.6 (b)]. This is clearly proven by the tip-induced sweeping of single clusters

along elongated paths marked by red arrows in the image. Second, the flat hexagonal is-

lands show a height comparable to Rh substrate steps [compare line profile in Figure 5.6

(b)] and exhibit a moiré corrugation on top of the surface. The moiré corrugation on top

of the hexagonal islands features a shift compared to the pristine G/Rh(111) terrace sug-

gesting the insertion of an additional layer with atomic ordering. Additional annealing

leads to an increased surface area occupied by flat islands with moiré structure. Further-

more the number of Ni clusters decreases in conjunction with an increase in height and

diameter (ripening).

The islands are identified as intercalated monolayer high islands of Ni based on the

existence of a moiré corrugation on top of the flat hexagonal islands, the shift in the

moiré compared to the pristine G/Rh(111) layer and the increasing surface coverage with

increasing annealing time. Flat, monolayer high islands of Ni on top of the graphene

layer can be ruled out due to the different growth behavior of Ni clusters on graphene

forming more compact clusters instead [193]. Furthermore, the shift of the moiré pat-

tern across the step proves a continuous bending of the graphene carpet covering the

intercalated material. The intercalated material patches are henceforth referred to as

intercalated nanoislands (INIs).

http://dx.doi.org/10.1021/nn203169j
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Figure 5.7 | Atomic structure of G/Ni/Rh(111) intercalated nanoislands. (a) Atomically resolved
STM topography obtained after room temperature deposition of Ni followed by annealing at 400 °C.
White dots mark ring-bridge sites of G/Rh(111). (b) 3D representation of the nanoisland in (a). (b,
inset) For comparison a lattice-matched atomically resolved STM topography of G/Ni(111)/W(110)
was prepared according to [194, 188] and depicted. Scan parameters: (a-b) 14×14 nm2, V= 470 mV,
I = 4.2 nA, T = 300 K; Inset in (b) 3.5×3.5 nm2, V = 2 mV, I = 42 nA, T = 300 K. Reprinted with
permission from [191]. Copyright 2012 American Chemical Society. → Online.

Atomic structure of intercalated nanoislands

The atomically resolved STM topography in Figure 5.7 (a) shows a detailed investigation

of the morphology of the INIs. Atomically resolved images allow to investigate the atomic

structure of the intercalated material as well as the atomic graphene structure and local

variation of bonding strengths. The atomic structure, the periodicity and orientation of

the moiré were compared in real space and by Fast Fourier transform on the INI and on

bare Rh(111) and were found to be identical. Since moiré superstructures act as a mag-

nifying glass for the lattice parameter of the underlying substrate [114], an unchanged

moiré periodicity implicates the intercalated Ni monolayer to grow pseudomorphically

on the Rh(111) with a slightly stretched interatomic distance compared to Ni single crys-

tals (aRh/aNi ≈ 1.08). The pseudomorphic growth is furthermore a necessary prerequisite

for the observed shift of moiré high-symmetry sites due to the stacking sequence on the

fcc (111) surface.

Although no signs of intermixing between the intercalated Ni and the Rh surface or

diffusion of Ni into the Rh bulk were observed, this cannot be ruled out completely. How-

ever, assuming a lack of intermixing between intercalant and substrate atoms allows for

the conclusion that the appearance of the moiré superstructure is primarily dependent

on the lattice mismatch. The similarity between pseudomorphically grown G/Ni/Rh and

G/Rh renders the chemical difference between the two strongly bonding Ni and Rh sub-

strates of subordinate importance. The absence of intermixing will be further supported

by the results of Ni intercalation into G/Ir(111) presented in the next section. A compar-

ison to the graphene grown on a Ni(111) single crystal surface is shown in the inset in

Figure 5.7 (b). In this case no moiré structure is found due to the matching of graphene

http://dx.doi.org/10.1021/nn203169j
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Figure 5.8 | Size selection in G/Ni/Rh(111) nanoislands.
The moiré cell is shifted upon intercalation of one additional
pseudomorphically grown layer as illustrated by the mesh
connecting ring-bridge sites of the lower terrace. Red lines
indicate the expected INI side length defined as the length
of the row of ring-bridge sites whereas black arrows indi-
cate the real length. Reprinted (adapted) with permission
from [191]. Copyright 2012 American Chemical Society.
→ Online.
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and Ni lattice constants. The comparison supports the result that the moiré appearance

on strongly bonding substrates is primarily influenced by the lattice mismatch.

Size selection of the intercalated nanoislands

The STM topography in Figure 5.7 clearly shows the shape of the INIs to be influenced

by the moiré pattern of the graphene layer. The growth of Ni islands on the bare Rh(111)

surface yields triangular islands with the sides aligned along the Rh 〈110〉 direction [195],

the INIs here show similar alignment of the edges along Rh 〈110〉 directions but with a

shape resembling truncated triangles. Upon close inspection, the edges appear to be

less straight, instead the shape appears to be influenced by ring-bridge sites [marked

by full circles in Figure 5.7]. The edge of the INIs follows lines of ring-bridge sites thus

allowing for edge alignment along the Rh 〈110〉 direction and thus leads to the growth

of hexagonally shaped islands. Recalling the local bonding strength variation of single

carbon atoms within the moiré cell [section 5.1.2], the ring-bridge positions are the sites

with strongest C-Rh interaction [112]. Consequently, they represent the place, where

graphene is most strongly pinned to the Rh substrate and thus limit Ni diffusion in the

G-Rh interface across these lines. During intercalation the ring-atop pockets are filled

until the area delimited by the ring-bridge sites is full, eventually extending the island

across a line of ring-bridge sites until the extended area is again completely filled with Ni

atoms. Since the distance between two ring-bridge sites corresponds to dm/2 with the

moiré periodicity dm , the side lengths of the INIs thus show discrete values around

L =
(
n + 1

2

)
dm ; n ∈N (5.1)

as illustrated in Figure 5.8. Due to the softening of corners real side lengths are found to

be slightly shorter.

http://dx.doi.org/10.1021/nn203169j
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Figure 5.9 | The role of defects and grain boundaries for Fe intercalation into G/Rh(111).
Intercalation at 600 °C: (a) Atomically resolved STM topography of two intercalated Fe nanoislands.
White filled circles mark the positions of the ring-bridge sites. (b) A higher density of intercalated Fe
nanoislands in the lower left corner is indicative of defect-rich graphene. The distorted shape of the
Fe clusters on top of graphene (white) arises from fast scanning of the nanometer high clusters. (c-d)
Preferential intercalation is found in G/Rh(111) at structural defects such as dislocations and domain
boundaries. The STM topography in (d) is imaged in the dark-atop contrast. Defects in the graphene
layer are outlined in (a) and (c) by circles. Scan parameters: (a) 23×23 nm2, V= 20 mV, I= 29.9 nA,
T= 300 K; (b) 150×190 nm2, V= 1.2 V, I= 0.55 nA, T= 300 K; (c) 50×50 nm2, V= 20 mV, I= 29.9 nA,
T = 300 K; (d) 45×45 nm2, V = 0.95, I = 0.25 nA, T = 300 K. Reprinted with permission from [191].
Copyright 2012 American Chemical Society. → Online.

The role of defects

Results comparable to Ni intercalation were achieved with intercalation of Fe. Annealing

for intercalation was performed at a temperature of 600 ◦C in this case. In Figure 5.9 (a)

the morphology of intercalated Fe islands is shown. Analogous to Ni intercalation, Fe is

found to form monolayer high islands underneath graphene, exhibiting the same moiré

superstructure as G/Rh(111) and showing sides aligned along high symmetry moiré di-

rections and quantized according to equation 5.1. This indicates the same pseudomor-

phic growth, where similar chemical interaction between Fe and graphene compared to

Rh and graphene is established leading to an identical moiré corrugation.

Figure 5.9 gives an insight into the intercalation path. The atomically resolved topo-

graphy in (a) shows two INIs. On the lower right INI a slight perturbation of the periodic

moiré can be recognized (marked by a yellow circle), most likely marking a structural de-

fect in graphene. A closer inspection of Figure 5.9 shows that the INIs concentrate near

structural defects, such as single defects in graphene (a), additional moiré lines injected

(c) and grain boundaries (d). This indicates that pre-existing defects in the graphene

layer are the most probable route for material intercalation. A direct proof for the defect

assisted increase in intercalation efficiency is deduced from Figure 5.9 (b) where interca-

http://dx.doi.org/10.1021/nn203169j
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lation at a graphene region with varying structural graphene quality is observed. In the

top right corner the graphene layer shows high quality with unperturbed moiré, whereas

the lower left corner shows a perturbed moiré structure with various domain rotations.

In line with the transition from high-quality graphene to lower quality graphene, a de-

crease of the residual Fe cluster density on top of the surface (white) and an increase

in the intercalated island density is found. The clear connection between defect densi-

ties and intercalation efficiency allows to identify the predominant intercalation route

via pre-existing defects. However, also INIs without structural perturbations in the cov-

ering graphene layer are found [compare Figure 5.7] suggesting additional alternative

intercalation routes. Experiments with Ni intercalation into the G/Ni(111) system find

an intermediate carbide domain formation as a route for the incorporation of Ni pre-

deposited on top of graphene into the Ni substrate [196]. However, no carbidic domains

were found anywhere on the sample turning this intercalation path highly unlikely in the

present G/Rh(111) system. In a recent theoretical study the possibility of self-generated

defects in graphene via proximity of metal atoms was discussed and Fe, Ni and Co were

found to reduce vacancy formation energies drastically [197]. Since no real time STM

imaging is available, this second route has to be considered to contribute additionally to

the intercalation via pre-existing defects in graphene.

5.2.2 G/Ni/Ir: Tailoring graphene-substrate interaction

In the last section, the moiré pattern of G/Ni/Rh was analyzed and was found to be iden-

tical to pristine G/Rh(111). Since G/Ni and G/Rh both belong to the class of strongly

bonding systems, substantially different behavior for the pseudomorphically grown in-

tercalated areas cannot be expected and one cannot clearly exclude the possibility of

intermixing of Ni and Rh atoms. The scenario is different for G/Ir(111), which belongs

to the class of weakly interacting graphene systems. This section2 demonstrates that

intercalated Ni in G/Ir significantly changes the bonding strength from weak to strong

and thus clearly shows a footprint of intercalated Ni via the graphene moiré corrugation.

Furthermore an intermixing of Ni and Ir atoms could be excluded.

Atomic structure

The appearance of G/Ir(111) imaged with STM was discussed in section 5.1.1. Due to

the flat adsorption geometry of G/Ir(111) [110, 123], the electronic contrast dominates

the moiré appearance over the topographic contribution. In the STM images following,

G/Ir(111) is imaged solely in the dark-atop-contrast [31], where elevated ring-atop re-

gions appear as black depressions and the high-symmetry ring-fcc and ring-hcp sites

appear bright and are barely indistinguishable giving rise to a honeycomb appearance of

2A part of the STM and DFT results on G/Ni/Ir(111) presented in this chapter were published in Phys-
ical Review B 87, 035420 (2013) under the title Artificially lattice-mismatched graphene/metal interface:
G/Ni/Ir(111) [198].
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Figure 5.10 | Intercalation of Ni in G/Ir(111). (a) Topographic STM overview showing the mor-
phology of graphene with a partially intercalated Ni sub-monolayer. Ni accumulates at step edges (B
area) showing increased moiré corrugation in STM as compared to G/Ir(111) (A and C areas). Cor-
responding LEED image in the inset. (b) Areas with Ni intercalated underneath graphene (B areas)
show reduced mean apparent height in the line profiles and the histogram. The histogram shows the
frequency of apparent height values appearing in the magnification depicted in (c) (black curve) and
within areas on terrace A, B or C (yellow, orange and brown curves, respectively). (c) Magnification
of the dotted square in (a). Scan parameters: (a) 70×70 nm2, V = 0.65 V, I = 1.21 nA, T = 300 K;
(c) 46×8.6 nm2, V = 0.65 V, I = 1.21 nA, T = 300 K. Reprinted with permission from [198]. Copyright
2013 by the American Physical Society. → Online.

the moiré. In Figure 5.10 (a) the areas A and C mark two adjacent G/Ir terraces separated

by a straight step edge. Upon post-annealing of the sample with pre-deposited Ni, the

intercalation process is promoted leading to irregularly formed areas (B) attached to step

edges which show inverted moiré contrast. Residual Ni clusters feature large nanometer

high protrusions (white areas in the image). A magnification of the graphene in the tran-

sition region with the inversion of moiré contrast is depicted in Figure 5.10 (c). While

the areas A and C display the characteristic STM appearance of G/Ir, the area B which

forms after post-annealing shows inverted contrast and is assigned to intercalated Ni in

the G-Ir interface.

A closer inspection of the apparent height profiles across the Ni-intercalation region

[Figure 5.10 (b)] gives insight into the overall and site specific graphene-substrate inter-

action. Apparent height profile 1 crosses the G/Ir ring-atop sites (dark depressions) on

terraces A and C and the bright protrusions on terrace B. While on the G/Ir terrace a

relatively small peak-to-valley corrugation of 0.25 Å is found, the corrugation increases

considerably on top of the Ni intercalated area B to a value of 0.6 Å. The histogram in

Figure 5.10 (b) displays the frequency of apparent height values present in equally sized

areas of terraces A, B, C and their sum. The peak-to-valley corrugation values measured

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.87.035420
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Figure 5.11 | Atomic structure of G/Ni/Ir(111). (a) Atomically resolved STM topography of
G/Ni/Ir(111). Scan parameters: 8×8 nm2, V= 50 mV, I= 35 nA, T= 300 K. (b) Relaxed DFT structure
for a single layer of graphene on monolayer Ni on Ir(111). The corrugation height ∆h in the graphene
is visualized using an orange-green color scale. In the lower half vertical cuts of the optimized struc-
ture of G/Ni/Ir(111) and G/Ir(111) are shown to compare the corrugation of graphene. (c) Simulated
STM image for the states with E-EF = 0..+0.2 eV. DFT calculations (b-c) were performed by Florian
Mittendorfer, Jörg Doppler, Andreas Garhofer, and Josef Redinger, Vienna University of Technology.
Reprinted (adapted) with permission from [198]. Copyright 2013 by the American Physical Society.
→ Online.

from the line profiles are well reproduced within the peak width of the histogram, show-

ing 0.45 Å full width for G/Ir(111) and a much wider value of 0.8 Å for G/Ni/Ir(111). The

histogram maximum for the intercalated Ni (area B) is 0.6 Å lower with a distinct shoulder

reaching up into the apparent height distribution of the G/Ir terrace (A). Neglecting the

electronic contribution of the apparent height measurements in STM and assuming Ni

to grow pseudomorphically with comparable interlayer separation, an in average lower

distribution of apparent height values on intercalated areas suggests a considerable re-

duction of the graphene-metal distance.

In LEED no qualitative change is found for G/Ir(111) [Figure 5.1], partly intercalated

samples [inset in Figure 5.10 (a)] and samples with more than one monolyer of Ni in-

tercalated into G/Ir(111) [inset in Figure 5.12 (e)]. No change in the periodicity of the

(1×1) substrate reflexes is observed showing that the intercalated Ni layer grows in the

proposed pseudomorphic arrangement on Ir(111). Furthermore, the moiré superstruc-

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.87.035420
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ture as a very precise indicator [114] for rotation or periodicity between graphene and

substrate layers appears virtually unchanged as well.

An atomically resolved STM topography is shown in Figure 5.11 (a). The bright pro-

trusions correspond to the ring-atop positions within the moiré supercell, whereas the

ring-fcc, ring-hcp and ring-bridge positions display relatively similar apparent height val-

ues. A peak-to-valley corrugation of up to 1 Å was measured depending on the tip con-

figuration and tunneling parameters.

In order to disentangle the large corrugation in G/Ni/Ir(111) in terms of electronic

and topographic contributions, the findings were compared to DFT calculations3. A

(10×10) graphene layer was placed on a (9×9) pseudomorphically grown Ni layer on

Ir(111) and the structure was relaxed using van der Waals DFT (opt86b). The relaxed

structure is shown in Figure 5.11 (b, top panel), where the color coding across the moiré

cell indicates the graphene corrugation. Cross-sectional views of the G/Ir(111) and the

G/Ni/Ir(111) systems show the distance to the substrate and the corrugation of the two

graphene layers. In G/Ir(111) one can see that the graphene layer is almost entirely flat

with a distance between graphene and substrate of more than 3.28 Å. Contrary, in the

G/Ni/Ir(111) system ring-fcc, ring-hcp and ring-bridge configurations are found in close

proximity to the substrate with minimum separation of 1.94 Å. Only the ring-atop posi-

tions feature a by far larger graphene-substrate distance of up to 3.45 Å which is compa-

rable to the distance of ring-atop positions in G/Ir(111). Consequently the majority of the

atoms within the graphene layer are significantly pulled towards the substrate after inter-

calation of Ni. The smallest distance between graphene and substrate occurs in the ring-

bridge configuration which is also found for other strongly interacting graphene/metal

systems such as G/Ru(0001) [192] and G/Rh(111) [112, 200]. The large topographic peak-

to-valley corrugation of 1.5 Å in G/Ni/Ir(111) from DFT is also reflected in the simulated

STM image in Figure 5.11 (c). While in topography negligible height differences are found

for ring-fcc, ring-hcp and ring-bridge positions, a slight contrast variation can be ob-

served in the simulated STM image between these strongly bound sites. This effect is

due to a weak electronic DOS variation responsible for a slight additional corrugation in

STM apparent height.

The comparison between STM and DFT clearly shows that the enhanced corrugation

in STM topographies reflects to a large extent the increased topographic buckling of the

G/Ni/Ir(111) system. Furthermore, DFT results also reproduce the reduced mean spac-

ing between graphene and the substrate measured in the histogram in Figure 5.10 (b) as

a result of increased electronic interaction compared to G/Ir(111). The DFT calculations

yield an average binding energy of ∼80 meV per C atom for G/Ir(111) before intercala-

tion and ∼190 meV per C atom in the G/Ni/Ir(111) system after intercalation4. While

3DFT calculations by Florian Mittendorfer, Jörg Doppler, Andreas Garhofer, and Josef Redinger, Vienna
University of Technology. Computational details can be found in [198] and [199].

4The binding energy of G/Ir(111) reported in literature is ∼50 meV per C atom [110]. The difference is
due to a slight overbinding of the opt86b functional used for the calculations in [198] and [199].
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a strong hybridization and small adsorption distance is well known for lattice matched

G/Ni(111) [201], the overall bonding strength turned out to be very similar for the artifi-

cially lattice mismatched G/Ni(111) system. Obviously the strain of the Ni layer due to

the pseudomorphic placement of Ni on Ir(111) does not significantly influence the bond-

ing strength, however it gives rise to a moiré structure with large corrugation. The large

separation of metal and graphene atoms in ring-atop configuration shows that even a

strong hybridization only leads to a close adsorption for lateral placements of the car-

bon rings with respect to the substrate which differ from ring-atop .

Intercalation efficiencies

Several samples with different amounts of pre-deposited Ni were prepared and annealed

in various steps in order to elucidate intercalation rates and intercalation paths. Figure

5.12 shows the surface of two samples with different nominal thickness of pre-deposited

Ni after various annealing steps. Large objects in white represent Ni clusters on top of

the graphene layer. Intercalated areas are represented by inverted moiré contrast and

increased corrugation as described in the last section.

In Figure 5.12 (a-b) the morphology of a sample with low nominal Ni thickness of

0.8 Å is presented after annealing for 17 minutes at 510 ◦C. Ni clusters preferentially

agglomerate along wrinkles in graphene [marked by an arrow in Figure 5.12 (a)]. Wrin-

kles form due to differing thermal expansion coefficients of graphene and the substrate

and represent graphene which becomes delaminated and lifted vertically [202, 114]. The

residual clusters which are not agglomerated along wrinkles cover 5.4% of the sample

surface. The intercalation efficiency for such small coverages is low. Only 1.8% of the

sample surface represents areas with intercalated Ni. The intercalated areas are entirely

attached to step edges of the underlying Ir(111) surface. A significant increase of the frac-

tion of intercalated material could not be achieved by further annealing in this sample.

In Figure 5.12 (c-d) a sample with larger nominal thickness of 6.1 Å deposited Ni is

presented after a short annealing of 3 minutes at 525 ◦C. Already after such a short an-

nealing time a fraction of 17.3% of the sample surface is intercalated by Ni (excluding ar-

eas underneath Ni clusters), a value which is much larger than for the sample with low-Ni

coverage after 17 minutes of annealing. For this sample the intercalated material forms

intercalated areas which are connected to substrate steps, but also isolated patches on

terraces pinned by covering Ni clusters. After an additional annealing for 14 minutes at

550 ◦C the sample exhibits intercalated areas everywhere on the sample surface [Figure

5.12 (e-f)]. Additional small protrusions on the sample surface correspond to the for-

mation of an additional layer of intercalated material on top of the first intercalated Ni

layer.

The two samples with different nominal coverages but comparable annealing tem-

peratures suggest that the intercalation rate depends primarily on the amount of de-

posited Ni. The intercalated surface fraction of 1.8% after 17 minutes for the low-Ni sam-
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Figure 5.12 | Intercalation efficiency. (a) Topographic STM image of a low coverage Ni/G/Ir(111)
sample (0.8 Å) after annealing for 17 minutes at 510 °C. (b) Magnification of the area depicted in (a)
showing an Ir terrace with intercalated Ni. (c) STM image of a high Ni coverage sample (6.1 Å) after
annealing at 525 °C for 3 minutes. (d) Magnification the area in (c) showing intercalated areas. (e)
Sample surface of the high Ni coverage sample after prolonged annealing for a sum of 17 min showing
more than one full monolayer of intercalated material. (f) Magnification of the area in (e). Scan
parameters: (a) 400×200 nm2, V= 0.65 V, I= 1.42 nA, T= 300 K; (b) 55×100 nm2; (c) 150×150 nm2,
V= 1.0 V, I= 0.46 nA, T= 300 K; (d) 35×35 nm2; (e) 150×150 nm2, V= 0.75 V, I= 1.3 nA, T= 300 K;
(f) 35×35 nm2.

ple corresponds to an intercalation rate of 0.001 monolayer/min. Contrary, the high-Ni

sample shows an intercalated surface fraction of 17.3% after 3 min underlining a much

larger intercalation rate of 0.06 monolayer/min. While the intercalation rate increases

by a factor of roughly 60, the nominal Ni film thickness after deposition increases only

by a factor of ∼7.6 . Within the experiments a complete intercalation of all remaining Ni

clusters was not achieved at these temperatures, even after hours of annealing. The ex-

periment suggests that the intercalation efficiency is connected to the surface fraction

covered by Ni clusters, which does not grow linearly with the nominal thickness of de-

posited material due to dewetting [203] and 3D cluster growth on top of graphene. The

intercalation path and the role of defects will be discussed in section 5.2.3.
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Figure 5.13 | Evolution of the C1s core level
with annealing time. XPS of a sample with high
Ni coverage (6.1 Å nominally deposited) before
intercalation (blue) and after additional anneal-
ing steps of 3 min (red), 14 min (green), 15 min
(cyan), 120 min (magenta) between 525 and 550
°C. Curves in red and green correspond to sam-
ple states depicted in Figure 5.12 (c-f).
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C1s core-level shift

The bonding strength of graphene on different substrates is also reflected in the binding

energy of the C 1s core level peak. While for G/Ir(111) the position of the C 1s core level is

found in literature at EB = (284.2±0.10) eV binding energy close to the value for HOPG, a

shift to higher binding energies is observed for more strongly interacting substrates [108,

110]. Simultaneously a broadening/splitting into several peaks is observed for lattice-

mismatched substrates reflecting the spatially inhomogeneous bonding strength [108,

121].

In Figure 5.13 the C 1s core level of a high Ni coverage sample is measured using in

situ XPS. The surface of the sample under investigation is shown in Figure 5.12 (c-f) for

different annealing states. The initial position of the C 1s peak in G/Ir(111) is found at

EB = 284.1 eV (blue line) in agreement with literature. A shift is observed to higher bind-

ing energies after the first annealing step [compare corresponding STM in Figure 5.12

(c-d)] in addition to an increased peak width (red line). After the second annealing step,

which corresponds to a Ni amount greater than one monolayer intercalated according to

the STM investigation in Figure 5.12 (e-f), the position of the C 1s core level arrives at a

binding energy of EB = 284.9 eV and does not significantly change after further annealing

steps (green, cyan and magenta lines). The measurement indicates that the intercalation

of one monolayer is sufficient to drive the bonding characteristics of graphene entirely

into the strongly interacting regime. For partially intercalated monolayers (red curve)

the measured peak is a superposition of the peaks originating from the areas with G/Ir

and G/Ni/Ir. High resolution measurements of the line shape by PES using synchrotron

radiation clearly show that the shifted peak in the submonolayer regime (red line in Fig-

ure 5.12) is a convolution of two distinct peaks at the energies for the pristine G/Ir and

G/Ni/Ir surface [198]. Thus one can trace only the progress of intercalation of the first

layer according to the C 1s peak position. The number of intercalated layers greater than

one is not reflected in the C 1s peak position.
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Figure 5.14 | Preferential sites for intercalation in weakly interacting graphene/metal sys-
tems. (a) Atomically resolved topographic STM image of a G/Ni/Ir(111) to G/Ir(111) step. Dotted
circles mark the ring-atop positions of the moiré which coincide with the sites filled last during the
intercalation process. The moiré unit cell is depicted in white. The high symmetry directions of the
honeycomb graphene lattice are indicated in black arrows. (b) Atomically resolved topography of
a large intercalated area with occasionally collapsed moiré ring-atop sites. Scan parameters: (a)
15×15 nm2, V= 0.2 V, I= 0.7 nA, T= 10.5 K; (b) 20×20 nm2, V= 0.1 V, I= 30.7 nA, T= 300 K.

Preferential occupation sites of intercalated material

In Figure 5.14 (a) the atomic structure is shown in the transition region between the in-

tercalated G/Ni/Ir(111) and the lower G/Ir(111) terrace. Again, ring-atop moiré sites on

intercalated areas appear as bright protrusions in contrast to G/Ir(111) ring-atop sites on

the lower terrace appearing as dark depressions in our experiment. In the intercalated

area, the ring-fcc, ring-hcp as well as ring-bridge sites exhibit similar height and surround

the protruded ring-atop areas as displayed in Figure 5.14 (a). A superposed grid connects

the G/Ni/Ir(111) ring-atop sites and is extrapolated to the edge of the intercalated ma-

terial. Using the grid an assignment of high symmetry moiré points is achieved along

the edge of intercalated areas. Dashed circles mark the positions at which ring-atop sites

of the G/Ni/Ir(111) area would form if more material was intercalated. The measure-

ment clearly shows that the intercalated material preferentially occupies areas such that

the bulged ring-atop positions are avoided, first filling the ring-fcc, ring-hcp and ring-

bridge sites with material [Figure 5.14 (a)].

One can deduce that the ring-fcc, ring-hcp and ring-bridge sites in the G/Ni/Ir(111)

moiré cell give an extra energy reduction as opposed to ring-atop sites. A similar be-

havior is found for large intercalated Ni patches, where ocassionally ring-atop sites col-

lapse [Figure 5.14 (b), dashed circles] due to missing Ni atoms in the intercalated layer

underneath graphene such that the energetically most costly ring-atop configurations

remain unfilled. Figure 5.15 (a) shows an atomic model for the case of intercalation into
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Figure 5.15 | Atomic configuration of preferential intercalation sites in R0◦ graphene. (a)
Intercalated Ni (red) arranges in the way that ring-atop positions with respect to the intercalated layer
are omitted. (b) ring-atop positions with respect to the intercalated layer correspond to initial G/Ir(111)
ring-fcc sites. (c) Analogous, ring-fcc positions with respect to the intercalated layer correspond to
initial G/Ir(111) ring-hcp sites.

perfectly aligned R0° G/Ir(111). The ring-atop positions with respect to the intercalated

layer correspond to initial ring-fcc positions in G/Ir(111) [Figure 5.14 (b)]. Analogous,

the ring-fcc sites with respect to the intercalated layer form at the initial ring-hcp sites of

G/Ir(111) [Figure 5.14 (c)]. And ring-hcp sites with respect to the intercalated layer form

at initial ring-atop sites of G/Ir(111).

From the energetic point of view, the lateral arrangement of material underneath

graphene in partially intercalated monolayers is governed by two contributions. First,

the delamination energy Edel,G/Ir has to be considered which is necessary to lift graphene

off the initial Ir(111) surface. The average binding energies from the DFT calculations in

section 5.2.2 give an estimate of the delamination energies, which of course depend on

the moiré position. In G/Ir(111) Edel,G/Ir has an average value of ∼80 meV per C atom and

is smallest for the ring-atop positions. Second, the binding energy of G/Ni/Ir(111) be-

comes available after intercalation. In G/Ni/Ir(111) the average binding energy Edel,G/Ni/Ir

is ∼190 meV per C atom and thus more than two times larger compared to G/Ir(111). A

strong variation across the moiré sites is observed and ring-atop regions in G/Ni/Ir(111)

show the weakest bonding and hence for ring-atop sites the smallest amount of energy

becomes available. Due to the large difference in bonding strength between G/Ni/Ir(111)

and G/Ir(111) and due to the small variation in bonding strength between different moiré

sites in G/Ir(111), the lateral arrangement of intercalated Ni is predominantly deter-

mined by the moiré of G/Ni/Ir(111). This is different to comparable intercalation sys-

tems e.g. G/Eu/Ir(111), where only the variation in Edel,G/Ir was found to be important

[204].

Figure 5.16 (a) presents the sample surface for several monolayers of intercalated Ni.

While the appearance of the moiré for a few layers of intercalated Ni coincides with the

appearance for a single layer of intercalated material, the number of Ni layers under-
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Figure 5.16 | Preferential sites for intercalation in strongly interacting graphene/metal inter-
faces. (a) Atomically resolved STM topography of multiple Ni layers intercalated in between graphene
and Ir(111). (b) Atomically resolved topography of an intercalated Ni nanoisland in G/Rh(111). Scan
parameters: (a) 20×20 nm2, V = 0.03 V, I = 35 nA, T = 300 K; (b) 14×14 nm2, V = 0.47 V, I = 4.2 nA,
T= 300 K.

neath cannot be determined precisely. The top most terrace visible in the topography

features islands of intercalated material in difference to the arrangement of intercalated

material in the submonolayer regime along substrate steps. Again the arrangement of

material is completely governed by the moiré superstructure. For intercalation in the

multilayer regime the Ni in the topmost layer arranges at ring-atop positions with re-

spect to the second layer from the top [white arrow in Figure 5.16 (a)]. The shift between

atoms of the first and second intercalated layer for fcc(111) stacked films converts ring-

atop positions in the second layer to ring-hcp configurations in the topmost layer after

intercalation. Using the same energy considerations as above, these configurations are

preferred due to the small distance and large binding energy between graphene and Ni

in the top layer.

A different shaping of the borders of material in the second monolayer of intercalated

Ni is found. The intercalated islands are delimited by straight edges now which follow

the ring-bridge sites of the moiré on the lower terrace. Figure 5.16 (b) shows a compari-

son with Ni intercalation in G/Rh(111) as a representative example for intercalation into

strongly bonding graphene. Consistent with the findings in G/Ni/Rh(111), where lines of

ring-bridge sites were found to impose boundaries for diffusion of intercalated material,

the behavior for the second intercalated layer in G/Ni/Ir(111) can be explained analo-

gous. Again limited diffusion is observed across strongly interacting graphene-substrate

sites such as ring-bridge sites. The comparison shows that the morphology of newly

intercalated material is completely governed by the interaction strength and the moiré

formed with the topmost metal layer.
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Figure 5.17 | The role of wrinkles for intercalation into G/Ir(111). (a) Submonolayer of inter-
calated G/Ni/Ir(111). Large patches of intercalated material connect to wrinkles (yellow arrows) in
graphene. The sketch in (b) shows the intercalated areas in grey. (c) In the regime of multilayers
of intercalated material, wrinkles (yellow arrow) give rise to additional intercalation of material. (d)
Areas with 1, 2 and 3 monolayers of material intercalated material are shown in grey with increasing
opacity.

Wrinkles and their role for intercalation

The preferential agglomeration of intercalated material at step edges in the regime of

submonolayers of intercalated material suggests that the place of intercalation does not

necessarily coincide with the place where the intercalated material is found during the

STM experiment. Wrinkles stick out in graphene with regard to possible intercalation

sites. Due to the delaminated and strongly bulged appearance of wrinkles showing a cor-

rugation of up to a few nanometers [202], the agglomeration of Ni clusters during deposi-

tion is favored [Figure 5.17 (a-b)]. In the experiments, intercalated material patches often

share long borders with wrinkles suggesting them to be a starting point for intercalation.

Simultaneously in the regime of greater than one monolayer of intercalated material, the

wrinkles act as the starting point for a second or third layer of intercalated material be-

fore the complete filling of lower layers has finished [Figure 5.17 (c-d)]. The large amount

of Ni on top of graphene near wrinkles due to the preferential agglomeration certainly

increases the intercalation efficiency drastically thus explaining the large patches of in-



5.2 Intercalation 81

tercalated material close to the wrinkle. In addition, the role of structural defects for the

penetration of material was pointed out by several studies [189, 205]. Nanoscale cracks

and pre-existing defects at the crossing points of wrinkles are suggested to be important

defect structures for intercalation into G/Ir(111) [205] consistent with these findings.

5.2.3 Intercalation mechanism

Based on observations gained with strongly and weakly bonding graphene systems, the

intercalation appears to consist out of two steps: first the 3d metal atoms penetrate

through the graphene layer and second the metal atoms diffuse in the graphene-substrate

interface. The morphology of the STM images gained after intercalation with G/Rh(111)

and G/Ir(111) samples will be discussed regarding these two aspects and compared to

intercalation with other materials like Eu and Cs [204, 205, 206]. In Figure 5.18 main

features of the intercalation into G/Rh(111) and G/Ir(111) are summarized.

Passing the graphene layer

Intercalation into graphene/metals has been shown to work for almost anything from

C60 [207] to gases [208, 209, 210] to semiconductors [211, 212] and metals [213, 214]. On

the other hand graphene was found to be impenetrable for atoms as small as helium [14].

This raises the question how the intercalants actually penetrate the graphene layer. In the

early works of Gall and Rutkov [182, 215] graphene was prepared on textured Ir foils with

predominant (111) orientation, implying that a lot of defects and domain boundaries are

present. Their importance for the penetration of atoms is underlined in the context of

increased intercalation efficiencies reported for submonolayer graphene coverage, thus

inferring graphene edges as the place for intercalation [215]. Furthermore intercalation

was shown to be promoted on graphene purposely prepared with defects [189]. How-

ever, intercalation is not limited to low quality graphene as more recent experiments

with high quality graphene grown on Ir(111) single crystals, including the one described

here, demonstrate.

Intercalation of Ni or Fe into the G/Rh(111) interface gives quite a good insight into

the intercalation path, since due to the suppressed interface diffusion the intercalated

material remains at the penetration site. In Figure 5.9 several intercalated islands are

shown, which are all localized in the vicinity of structural defects like irregularities in

graphene or moiré grain boundaries. Self generated defects as proposed in [214] cannot

be ruled out. However they appear to be less important, since most of the material inter-

calates not at point defects, but in regions with structural defects including grain bound-

aries and dislocations. A significant increase in intercalation efficiency was shown for

areas with moiré disorder, e.g. dislocations and grain boundaries [Figure 5.9 (b-d)]. The

predominant intercalation path thus appears to be based on pre-existing defects.

The intercalation path for Ni into G/Ir(111) is a bit more difficult to investigate, since
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Figure 5.18 | Schematic representation of intercalation path and diffusion in strongly and
weakly bound systems. (a) G/Rh(111) as a strongly interacting graphene layer gives rise to in-
tercalated nanoisland formation due to limited diffusion in the G-substrate interface. (b) G/Ir(111)
allows a diffusion in the G-substrate interface and forms large intercalated areas mostly connected to
substrate steps.

the material can diffuse away from the intercalation site. However wrinkles were found to

show increased probability for Ni cluster agglomeration, thus offering plenty of material

to intercalate and in combination with a potential structural defect often appear to be

the starting point for new intercalated layers [Figure 5.17].

Interface diffusion

In G/Ir(111) the intercalation mechanism favors the development of intercalated mate-

rial patches connected to substrate steps [compare Figures 5.10 and 5.12]. A comparison

to intercalation studies of Ni underneath graphene on Rh(111) shows distinctly differ-

ent morphology of intercalated material. In G/Ni/Rh(111) intercalation leads to isolated

islands scattered across substrate terraces not connected to initial substrate steps [com-

pare Figure 5.6].

For the pristine graphene on Rh(111) and Ir(111) systems, different interactions of

graphene and substrate are present. An overall increased and strongly moiré site spe-

cific interaction strength was found for G/Rh(111) which leads also to a significant to-

pographic buckling. G/Ir(111) on the other hand shows only small differences in inter-

action strengths across the moiré cell and marginal topographic buckling. The different

interaction strength in the pristine graphene/metal systems is reflected in the morphol-

ogy of intercalated material after intercalation. In the case of G/Rh(111) rows of ring-

bridge sites were found to define the shape of the intercalated objects. The diffusion of

metal atoms in the G/Rh interface appears to be effectively suppressed across these lines.

Similar behavior was found for strongly bonding sites in a second intercalated layer of Ni

in G/Ir(111), where after the intercalation of the first monolayer of Ni the interaction

abruptly turns to the strong bonding regime. The second and further intercalated Ni lay-
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ers eventually show the same behavior as the first monolayer of Ni in graphene moiré on

Rh(111).

STM investigations on different intercalation like systems have been carried out by

other groups, leading to behaviors that were partly contradictory to the results with Ni.

For Eu intercalation into G/Ir(111) [204, 206] the intercalated material predominantly

forms small striped regions with Eu arranged in a p(2×2) structure in contradiction to

our results where Ni forms large patches of p(1×1) intercalated Ni in G/Ir(111). Apart

from the different size of Ni and Eu, which results in a p(2×2) superstructure, Eu ex-

hibits a different electronic configuration and tends to exhibit ionic bonding behavior to

graphene leaving the band structure of graphene intact [206]. Contrary, intercalation of

Ni and other 3d metals like Fe and Co leads to a strong hybridization between graphene

and Ni states [198, 216].

For intercalation of Eu in G/Ir(111), intercalated material was found to arrange at

positions of the initial G/Ir(111) moiré superstructure, which lead to a maximum number

of delaminated ring-atop regions, since the binding energy of the ring-hollow positions

in G/Ir(111) is larger compared to the ring-atop positions [204]. However, the formation

of narrow stripes and small islands was found in G/Eu/Ir(111) which cannot be explained

simply by preferential arrangement of material. Instead, residual compressive strain was

found to affect the formation of long stripes of intercalated material [204]. Compressive

strain in G/Ir(111) forms due to different thermal expansion coefficients of graphene and

the substrate after cool down from CVD preparation temperatures [114]. It was found

that the introduction of a larger number of stripes in direction with compressive strain

can effectively reduce the strain in the graphene layer based on an increased arc length

of graphene bending up and down the intercalated material [204].

Although compressive strain should be equally present in G/Ni/Ir due to similar high

temperature CVD growth, an influence on the arrangement of material was not found.

G/Ni/Ir(111) forms large intercalated patches without the formation of stripes despite

the presence of compressive strain in graphene. Even for the second intercalated Ni layer,

where the formation of small islands is favored over large patches of intercalated mate-

rial, an influence of the compressive strain in graphene was not found. In the similar

G/Cs/Ir system [205, 206], no stripes are found as a result of residual compressive strain

likewise. Consequently, the way material arranges underneath graphene on metals is

subject to a delicate balance of energetic contributions which depend both on the in-

tercalated material and the supporting substrate. The results underline the importance

of lateral variations in binding strength due to moiré superstructures for a quantitative

description of such systems.

Conclusion

The performed experiments deliver an increased understanding of intercalation at the

nanoscale and allow for a more controlled implementation of the intercalation proce-
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dure. The experiments show that intercalation offers a possibility to prepare atomically

sharp interfaces between graphene and the intercalated material. The investigated 3d

metals Ni and Fe in particular show pseudomorphic growth with respect to the sub-

strate, thus allowing for the preparation of epitaxial graphene on metals irrespective of

the intercalant’s crystal structure. However the slow intercalation efficiency for small de-

posited amounts of material connected to the intercalation path via defects suggests the

advantageous use of defect rich graphene [189] or even graphene flakes as presented in

the next chapter, if a complete intercalation of all deposited material is required.

Intercalation is a versatile tool for tailoring the graphene interaction with the sub-

strate as frequently shown by PES: apart from the decoupling of graphene with weakly in-

teracting materials (Au, Ag, Cu) [126, 130] the doping level of graphene is also adjustable

by choosing appropriate materials for intercalation, e.g. Cs and Eu for extreme n-doping

[205, 206]. On the other hand the intercalation of ferromagnetic Ni or Co in particular

[198, 217] will lead to a strong hybridization of graphene and substrate states and will de-

stroy characteristic monolayer graphene properties. However recent articles have shown

the possibilities of implementing graphene-ferromagnet interfaces for a controlled mag-

netic functionalization based on the overlap of graphene π states and 3d metal orbitals.

Induced magnetic moments in carbon [132, 133], manipulation of magnetic anisotropies

in the metal layer [189, 217] and moiré site specific ferromagnetic and antiferromagnetic

coupling induced by local variations of the metal-graphene hybridization [216] represent

interesting applications of 3d metal intercalation.



6 | Quasi-freestanding epitaxial
graphene nanoflakes on noble metals

Graphene nanoflakes (GNFs) are interesting modifications of infinite graphene layers

owing to edge states and possible magnetic phenomena [20, 23, 47]. However the forma-

tion of such states appears to be delicately influenced by experimental factors such as

substrate, edge termination and edge bonding. Promising routes of GNF formation on

Ir(111) [136] and Ru(0001) [25] surfaces turned out to be unrewarding. While the π band

in G/Ru(0001) is entirely destroyed due to strong bonding [91], interactions of graphene

on Ir(111) are weaker but nonetheless exhibit detrimental hybridization with the sur-

face state of Ir(111) at the Fermi level [28]. These interactions have apparently inhibited

the observation of (
p

3×p
3)R30° LDOS modulations of graphene quasiparticle scatter-

ing and furthermore lead to a residual edge-substrate bonding. The latter was shown to

inhibit the formation of edge states [30].

A more promising metallic substrate for the observation of a best possible decou-

pling is the Au surface. ARPES experiments have shown that the π band is completely

intact for both the R0° and R30° moiré orientations [99]. Unfortunately the growth of

graphene on noble metal surfaces, e.g. Au(111) and Ag(111), is not possible with standard

CVD preparation techniques due to the very low catalytic activity. Instead, the prepara-

tion necessitates the use of either atomic carbon deposition [99, 100], sputter-assisted

cracking of precursor molecules [97] or bottom-up preparation from special molecular

precursors [143]. While the first two preparation routes lack the possibility of produc-

ing small, well-shaped GNFs as for instance on Ir(111) or Ru(0001), the latter method

gives atomically precise control up to now only for particular narrow armchair graphene

nanoribbons [143, 144].

In this chapter1 a simple technique for the in situ preparation of GNFs with variable

shape and size will be presented. The resulting GNFs are found to be well decoupled,

bringing along all necessary properties of quasi-freestanding GNFs for the investigation

of edge and confinement effects.

1STM and DFT results presented in this chapter were for the most part published in ACS Nano 8, 3735-
3742 (2014) under the title In Situ Fabrication of Quasi-Free-Standing Epitaxial Graphene Nanoflakes On
Gold [218].
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6.1 An intercalation approach to graphene nanoflake formation on
Au(111) surfaces

Preparation

The preparation procedure is depicted in Figure 6.1 (a-c). The procedure employs the

growth of graphene structures on suitable metal substrates by decomposition of hydro-

carbons and subsequently decouples the GNFs by intercalation of thick layers of Au. For

the preparation of graphene in the first step, an Ir(111) substrate is used owing to the

ability to grow high-quality GNFs by TPG. Such a preparation furthermore offers a conve-

nient growth of well-shaped GNFs with predominantly zigzag type edge termination and

allows to adjust the size by tuning of preparation parameters [24]. The recipe described

in section 4.4.2 was used for the preparation of GNFs in the 10–500 nm range. Figure

6.1 (d) shows intermediate sized GNFs, which are connected to Ir steps (white dashed

lines) and exhibit slightly elongated shape. The sample surface is only covered to a small

fraction by graphene. In the second preparation step a nominally 5–10 nm thick Au film

is deposited onto the sample surface. The resulting surface shows epitaxial growth on

the partly graphene covered surface completely burying the GNFs underneath [Figure

6.1 (e)]. The intercalation of Au in the third preparation step is promoted by a moder-

ate post-annealing at 400–500 ◦C [Figure 6.1 (f)]. The annealing increases the structural

G

G

Au(111)
~20 ML

Ir(111)
Ir(111)

Au(111)

Ir(111)

G

100 nm100 nm100 nm75 eVG

Ir

42 eV

G

Au
38.4 eV

(a) Graphene preparation (b) Au deposition (c) Post-annealing

(d) (e) (f)

Figure 6.1 | Preparation of GNFs on Au(111). (a-c) Schematic representation of the prepara-
tion procedure. (d) STM topography of large GNFs on Ir(111). (e) STM topography of the sample
surface after deposition of nominally 50 Å of Au. (f) STM topography of the sample surface after post-
annealing. The insets depict the changes in the sample morphology by LEED between (d) G/Ir(111)
and (f) post-annealed G/Au/Ir(111). Scanning parameters: (d) V = 0.5 V, I = 1.0 nA, T = 300 K; (e)
V= 1.0 V, I= 0.33 nA, T= 300 K; (f) V= 0.21 V, I= 0.66 nA, T= 300 K. Reprinted with permission from
[218]. Copyright 2014 American Chemical Society. → Online.

http://dx.doi.org/10.1021/nn500396c
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Figure 6.2 | Herringbone reconstruction on Au(111)
films. The surface after intercalation exhibits the well-known
herringbone reconstruction. Lines separate Au fcc and Au
hcp areas of the herringbone reconstruction. Scan parame-
ters: V= 1.0 V, I= 0.33 nA, T= 300 K. 20 nm

Au [112]

Au
 [1

10
]

fcc
hcp

fcc

quality of the Au film and produces large, flat terraces. Small depressions within the flat

Au surface are identified as GNFs according to their shape and suggest a diffusion of in-

tact GNFs from the Au/Ir interface to the surface of the Au film during annealing.

A magnification of the Au film surface after post-annealing is presented in Figure 6.2

and allows for an assessment of the structural quality. A herringbone reconstruction is

formed on the Au(111) surface [219, 220, 221]. It resembles pairs of parallel lines running

in zigzag manner along the three equivalent 〈112〉 directions of Au(111). The rearrange-

ment of the Au(111) surface is described by a 23×p3 surface reconstruction, where the

topmost Au layer contains one excess surface atom inserted into the compressed sur-

face layer in the 〈110〉 direction [219, 220, 221]. Due to this one-dimensional extended

stacking fault within the reconstruction, the stacking sequence of the Au surface alter-

nates between Au hcp (ABA stacking) and Au fcc (ABC stacking) regions [219, 220, 221].

The two differently stacked regions are separated by Shockley partial dislocations. The

transition regions between Au fcc and Au hcp exhibit an increased topographic height

and are imaged as pairs of parallel lines in STM. The Au hcp region is found in between

the two parallel lines and the Au fcc region between two pairs of lines. The prepared

Au(111) film unveils herringbone reconstruction features. However the observed surface

presents a slightly less periodic arrangement of zigzag lines and occasional dislocations.

Both effects can be attributed to residual imperfections in the single crystal film growth.

Further evidence for the diffusion of GNFs to the Au film surface is found from LEED.

After GNF preparation on Ir(111) the diffraction pattern exhibits (1×1) spots of graphene

and Ir(111) and an additional hexagonal moiré superstructure [inset in Figure 6.1 (d)].

The LEED pattern is similar to monolayer graphene on Ir(111) [compare LEED pattern

in Figure 5.1], however the small graphene coverage leads to an increased intensity of

the (1×1) Ir spots compared to graphene and moiré spots. After post-annealing, the

diffraction pattern evidences decisive changes [inset in Figure 6.1 (f)]. The former su-

perstructure spots originating from the moiré have vanished and only (1×1) diffraction

spots originating from graphene and Au remain. A closer inspection of the (1×1) Au

diffraction shows an additional substructure with satellite spots arising from the Au(111)

herringbone reconstruction [219]. The angular relationship between Au and graphene is
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Figure 6.3 | Embedded and
floating GNFs on the Au(111)
surface. (a) STM topography of
an embedded GNF on Au(111).
(b) The height profile across the
depression in (a) reveals the
depth to be 5 atomic layers of
Au. (c) STM topography of a
floating GNF. Atomic resolution
on the flake (inset) proves the ob-
ject to be graphene 6×6 nm2. (d)
Height profile across the flake in
(c). (e) STM topography of a
small floating GNF attached to an
Au terrace. (f) The correspond-
ing height profiles show varia-
tions of apparent height along the
flake edge. Scanning parame-
ters: (a) V = 0.17 V, I = 1.85 nA,
T = 300 K; (c) V = 0.23 V, I =
2.0 nA, T = 300 K; (c, inset) V =
0.15 V, I = 1.7 nA, T = 300 K; (e)
V = -50 mV, I = 1.5 nA, T = 6.8 K.
Reprinted with permission from
[218]. Copyright 2014 American
Chemical Society. → Online.
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found to be R0°, i.e. with graphene [1100] and the Au [112] directions aligned. A slight

broadening of the graphene spot suggests a variation in GNF-substrate alignment after

intercalation due to GNF rotation in the range of a few degrees.

Embedded and floating GNFs

The presence of GNFs on the Au surface is finally proven by more detailed STM topogra-

phies. In Figure 6.3 (a) the magnified topographic image of the large depression visible

in Figure 6.1 (f) is depicted. It reveals a moiré on the surface area within the depression.

The moiré is superposed onto the herringbone reconstruction which is faintly visible,

leading to a complicated superstructure appearance [99, 100]. The detection of a moiré

within the depression, which is not observed on the neighboring terraces, confirms the

http://dx.doi.org/10.1021/nn500396c
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presence of intact GNFs on the Au film surface. GNFs are often found embedded within

the Au surface similar to Figure 6.3 (b).

In addition to embedded GNFs, the preparation procedure also produces GNFs sit-

ting directly on top of the Au(111) surface [Figure 6.3 (c)]. Such floating GNFs are found

either completely isolated or connected to steps of the Au(111) surface. No modification

of the herringbone reconstruction is found due to the presence of floating GNFs indica-

tive of a very weak interaction between graphene and the supporting Au(111) substrate.

An important advantage of the described preparation procedure is the ease of tuning

GNF sizes by variation of the preparation parameters. Especially the temperature used

for cracking of pre-adsorbed hydrocarbon molecules is crucial, in particular a smaller

temperature yields GNFs with smaller size. In Figure 6.3 (e) an important example of a

small graphene nanodot with hexagonal symmetry and edges well aligned along zigzag

directions is presented. The image shows that also graphene dots with diameters of

∼10 nm are successfully intercalated and decoupled from the Ir(111) substrate by Au.

Height profiles across floating GNFs [Figure 6.3 (d,f)] show flat edges, which do not suf-

fer from a dome-shaped bending due to residual edge-substrate interactions as in the

case of G/Ir(111) [29, 136]. Moreover, the apparent height at the flake edge is found to be

dependent on the local atomic structure giving rise to DOS related height modulations.

These electronic edge effects will be discussed in section 6.2.2 in detail.

Graphene delamination and dependence on Au film thickness

The intercalation based preparation of GNFs on Au(111) is capable of delaminating both

small as well as larger GNFs from the Ir(111) surface. The probability of GNF diffu-

sion to the surface and the connected surface morphology depends on (i) the fraction

of graphene coverage before intercalation and (ii) the amount of deposited Au.

In Figure 6.4 (a) small GNFs on the Ir(111) surface are depicted. The sample is pre-

pared by a single TPG cycle according to section 4.4.2 using a lower temperature to pro-

mote growth of small flakes. The sample morphology shows several GNFs without con-

nection to Ir steps (Type B) with a diameter in the range of 9–30 nm. GNFs which form

with the connection to an Ir step (Type A) are usually larger in size. The growth of such

flakes produces different edge roughness and atomic configurations for the floating and

embedded sides [222].

Subsequently, different amounts of Au were deposited on equivalent samples, which

were prepared using identical preparation parameters as in Figure 6.4 (a). In Figure 6.4

(b) an amount of Au was deposited corresponding to 10 nm film thickness. In Figure 6.4

(c) only half of the amount in (b) was chosen, i.e. 5 nm nominal film thickness. After a

subsequent post-annealing of the sample with 10 nm Au film thickness at a temperature

of 500 ◦C and 590 ◦C for 30 min each, the surface forms flat terraces of several hundred

nanometers. The number of GNFs observed on top of this particular sample preparation

is very low and flakes are predominantly of the embedded type with large size. The her-
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25 nm

(a) G / Ir(111) (b) G / 10 nm Au / Ir(111)

25 nm

(c)
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G / 5 nm Au / Ir(111)
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Figure 6.4 | Intercalation process. (a) Small GNFs prepared on the Ir(111) surface. (b) Sample
surface after the deposition of nominal 10 nm Au and two subsequent annealing steps at 500°C and
590 °C for 30 min each. (c) Sample surface after the deposition of 5 nm Au and subsequent annealing
at 535 °C for 30 min. GNFs on Au(111) are marked by white arrows. Scanning parameters: (a)
V = 0.5 V, I = 0.5 nA; (b) V = 0.5 V, I = 0.5 nA; (c) V = -0.4 V, I = 0.5 nA; (c, inset) V = 0.3 V, I = 1.0 nA.
Reprinted with permission from [218]. Copyright 2014 American Chemical Society. → Online.

ringbone reconstruction is pronounced and the sample surface is intact on the atomic

scale but shows shallow depressions on larger scale. These depressions resemble the ini-

tial GNFs in size and shape. The latter depressions are accounted to GNFs which have

not reached the Au surface, because they were either not delaminated from the Ir(111)

surface or became stuck in the Au film.

The situation found after post-annealing of the sample with reduced Au film thick-

ness is different [Figure 6.4 (c)]. Despite comparable post-annealing temperature of

535 ◦C for 30 min the sample surface now features a large number of GNFs on top of

the Au surface including embedded and (partly) floating GNFs. Simultaneously the size

of single atomic terraces is reduced.

Experiments with a variety of film thicknesses suggest that larger GNFs float to the Au

film surface more easily than small flakes. With increasing Au film thickness the diffusion

of flakes to the surface becomes more and more unlikely. In particular, small GNFs are

hindered from diffusing to the sample surface and are incorporated within the Au layer as

visible in Figure 6.4 (b). Experiments where the surface coverage of GNFs was increased

by multiple TPG cycles lead to a reduced Au film quality after post-annealing.

To elucidate the mechanism of graphene flake diffusion, the growth of small amounts

of Au on the partly graphene covered Ir(111) surface was investigated. Figure 6.5 shows

the sample surface of a GNF on Ir(111) after the deposition of 6 Å of Au before post-

annealing. Several atomic terraces of the underlying Ir surface with straight steps are

still visible after deposition. The bright areas (large apparent height) within the topo-

graphy correspond to graphene covered by Au and the darker areas represent Au grown

on the Ir(111). The growth of thin Au layers on graphene exhibits a dewetting behavior

[203] similar to 3d metals [compare section 5.2]. It is characterized by the formation of

nanometer high clusters on graphene compared to a flat epitaxial growth on the pure

http://dx.doi.org/10.1021/nn500396c
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(a)

50 nm

Au/Ir(111)

(b)

20 nm

Au/G/Ir(111)

Figure 6.5 | Au deposition on G/Ir(111). Sample surface after deposition of 6 Å of Au on partially
covered G/Ir(111). (a) The topographic STM overview shows several terraces covered with Au. Large
apparent height is is found on top of GNFs. (b) A more detailed STM topography shows single Au
clusters on top of the GNFs and a more smooth surface on Au/Ir(111). Scanning parameters: (a,b)
V= 1.0 V, I= 0.1 nA, T= 300 K.

Figure 6.6 | Schematic model for the in-
tercalation. Au film growth for different
coverages after deposition (a) and after
post-annealing (b).

after post-annealingafter deposition

low coverage

large coverage

intermediate coverage

(a) (b)

metal surface. The cluster growth on G/Ir(111) is well visible in Figure 6.5 (b).

Based on these observations, the coverage dependence of Au film morphology after

deposition suggests the schematic picture presented in Figure 6.6 (a): For low coverages

the Au film grows as in Figure 6.5. Increasing the coverage allows for a relaxation of the

upper Au layers and forms a rough surface but with atomic steps as presented in the

topography in Figure 6.1 (e). The situation after post-annealing is depicted in Figure

6.6 (b). The intercalation of Au allows for a pseudomorphic arrangement of Au in the

graphene-substrate-interface which is anticipated with an energy gain. In that sense the

driving force of intercalation is based on the attempt of reducing the amount of dewetted

material on top of graphene by forming epitaxial layers underneath graphene. Eventu-

ally, a state is achieved, where all Au is transferred to the substrate side of graphene. How-

ever, in the case of large coverages the Au film on top of graphene can relax sufficiently
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during post-annealing before most of the graphene flakes reach the surface. In this in-

termediate state, where graphene flakes are stuck within layers of epitaxial Au on top and

underneath, the driving force for the diffusion of graphene is smaller. While a diffusion

of the flake to the surface would still result in an increased epitaxy of the film, the driving

force for the diffusion is too small for most of the flakes to reach the surface. The qualita-

tive picture describes the observed phenomena, however a quantitative understanding

of the involved energy contributions driving the intercalation is beyond the scope of this

work. A recent experiment points out that the description of the intercalation kinetics

necessarily has to consider van-der-Waals contributions of graphene-substrate interac-

tions, as well as intercalant specific parameters such as atom size and number of valence

electrons [205].

6.2 Structure of graphene nanoflakes on Au(111)

6.2.1 Corrugation of graphene moiré on Au(111)

In Figure 6.7 (a) the atomically resolved topography of a GNF on Au(111) is presented.

Graphene follows the topography of the herringbone reconstruction of Au(111). In Fig-

ure 6.7 (b) height profiles are depicted showing a corrugation perpendicular to the Au

[112] direction of 17±1 pm. The value corresponds well to the topographic buckling of

the herringbone reconstruction of uncovered Au(111) surfaces of 20 pm as reported by

Barth et al. [221]. Figure 6.7 (a) furthermore shows faint intensity modulations on top

of the double lines and within the Au fcc regions which are not expected for uncovered

Au surfaces. The additional corrugation arises due to the moiré superstructure, which

superposes a weak modulation compared to the herringbone reconstruction. A height

profile parallel to the herringbone reconstruction ridges yields a moiré corrugation of

4±1 pm. This is in contrast to the STM topography of a GNF in Figure 6.3 (a) where the
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Figure 6.7 | Structure of R0◦ G/Au(111). (a) Atomically resolved STM image of an R0◦ GNF on
Au(111). The moiré superstructure is visible in the Au fcc regions. (b) Line profile parallel to the
herringbone reconstruction ridge within the Au fcc region (1) and perpendicular to the herringbone
reconstruction ridges (2, 3). Scan parameters: V= 50 mV, I= 2.3 nA, T= 12.3 K
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Figure 6.8 | Atomic structure of R0◦ G/Au(111). (a) Atomically resolved STM image of an R0◦ GNF
on Au(111) Scan parameters: V= 50 mV, I= 2.3 nA, T= 12.3 K. (b) DFT calculations of graphene on
Au hcp and Au fcc together with the simulated STM images (E−EF = 0...+0.3 eV). DFT calculation
and Tersoff-Hamann simulation by E. N. Voloshina, Humboldt Universität zu Berlin.

moiré contrast is very large. The comparison shows that in the G/Au(111) system the tip

configuration and bias voltage has a very strong influence on the apparent height occa-

sionally giving a moiré corrugation, which is much larger than the topographic corru-

gation of the herringbone reconstruction. The imaging contrast of the tip configuration

presented in Figure 6.7 was found to come closest to the real topography of the G/Au

system.

Figure 6.8 (a) shows a magnification of the atomically resolved graphene moiré on

Au hcp and Au fcc regions with adapted contrast. The atomic resolution allows to deduce

the orientation of the graphene lattice with respect to the underlying Au. In this case

the graphene armchair direction coincides with the direction of the herringbone ridges,

i.e. Au [112]. Consequently the investigated GNF is in R0° alignment. The appearance of

the graphene moiré resembles the dark-atop contrast with depressed ring-atop sites and

elevated ring-fcc and ring-hcp sites. The moiré unit cell in the Au fcc region is depicted

in Figure 6.8 (a). The moiré cell on Au hcp regions cannot be identified due to the large

topographic buckling of the herringbone reconstruction and the weak moiré. A contrast

inversion from dark-atop to bright-atop is occasionally observed in G/Au(111).

The periodicity of R0° graphene moiré in experiment measured along line profile 1

in Figure 6.7 (b) amounts to am = (1.7± 0.1) nm and is close to the expected value of

am,theo = 1.674 nm (from equation 2.21 with literature values for the two overlapping lat-

tices aAu = 0.2884 nm [109] and aG = 0.246 nm [35]). Note that a precise determination

of the moiré periodicity is impeded due to the superposition of moiré and herringbone.

This is connected to the switching of the Au surface stacking across Shockley partial dis-

location lines from Au fcc to Au hcp areas. The shift in the Au surface stacking brings

along a permutation in high symmetry moiré sites and inevitably leads to a discontinu-

ous moiré superstructure across the herringbone reconstruction ridges.
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DFT PBE-D2 calculations of a (7×7) on (6×6) G/Au(111) structure2 are depicted in

Figure 6.8 (b). To mimic both stacking regions within the herringbone reconstruction,

calculations were performed for both the Au fcc and Au hcp substrates. Only a negligible

topographic corrugation of the relaxed carbon layer is found. Calculations yield only a

corrugation of less than 1 pm in the case of G/Au fcc compared to a slightly larger value

of 2.9 pm for G/Au hcp . Still, the corrugation of the graphene layer is very small. The

minimum distance between carbon and substrate layers is similar in both cases: 3.19 Å

for G/Au fcc and 3.18 Å for G/Au hcp arrangements. Interestingly, the carbon layer shows

minimum height at the ring-atop positions which is contradictory to other G/metal sys-

tems like G/Ir(111) or G/Rh(111) [110, 112]. In order to explain the experimentally ob-

served moiré corrugation of 4 pm and larger, simulated STM images of the two structures

employing the Tersoff-Hamann approximation were generated [Figure 6.8 (b)]. A com-

parison with the experimentally observed atomic resolution in the Au fcc region gives

perfect agreement thus showing that the remaining moiré contrast in STM stems to the

largest part from electronic charge density modulations.

The little topographic corrugation below 3 pm for the G/Au(111) system reveals a sig-

nificantly weaker and more homogeneous graphene-metal interaction throughout the

moiré unit cell compared to the other weakly bound systems, such as G/Ir or G/Pt. In

particular, G/Ir(111) which is considered to be quasi-freestanding shows a larger topo-

graphic buckling of the graphene layer in the range of 30–35 pm according to DFT [110,

123]. Similar indications for a weak interaction were found in STM and ARPES studies on

full monolayers of G/Au(111) published in the course of this experiment [99, 100, 97].

6.2.2 Atomic structure of graphene nanoflake edges on Au(111)

Apart from the general graphene-substrate interaction, the bonding between the edges

of GNFs and the substrate is important. High resolution STM topographies yield infor-

mation on the atomic arrangement of GNF edges and LDOS features at the edge allow

for a derivation of a possible H-termination. In Figure 6.9 (a) the edge region of a float-

ing GNF is depicted. The edge runs mainly parallel to the zigzag direction of graphene.

A closer inspection in Figure 6.9 (b) shows intermediate armchair segments that are in-

corporated into the zigzag dominated edge. The apparent height of the zigzag regions

features bright spots constituting arcs that begin at the flake edge and then bend into the

2Calculation details G/Au(111): The projector augmented plane wave method [223] is used with a plane
wave basis set with a maximum kinetic energy of 500 eV and the PBE exchange-correlation potential [224]
implemented in the VASP program [225]. Long-range van der Waals interactions were included using a semi-
empirical DFT-D2 approach proposed by Grimme [226]. Interactions between periodic images of the slab
are avoided by using a dipole correction [227]. The surface Brillouin zone is sampled with a 3×3 k-point
mesh centered the Γ point. The graphene/Au interface is modeled using supercells, which have a (6×6)
lateral periodicity and contain one layer of (7×7) graphene on a four-layer slab of metal atoms. The slab
replicas are separated by approximately 18 Å in the surface normal direction. STM images were generated
according to Tersoff-Hamann formalism [149] as implemented in [228]. Calculations performed by E. N.
Voloshina, Humboldt Universität zu Berlin.
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Figure 6.9 | Atomic structure of GNF edges on Au(111). (a) Atomically resolved STM topography
of the edge of a GNF. The inset shows the honeycomb lattice of graphene within the flake. (b) Magnifi-
cation of the area marked in (a). (c) Simulated STM image of a freestanding graphene segment using
the Tersoff-Hamann approximation. The simulation reproduces the experimentally observed apparent
height well. DFT calculation and Tersoff-Hamann simulation was performed by E. N. Voloshina and L.
Hammerschmidt. Scanning parameters: (a-b) V= -0.3 V, I= 1.2 nA, T= 10 K; (c) E−EF = 0...-0.3 eV.
Reprinted with permission from [218]. Copyright 2014 American Chemical Society. → Online.

GNF interior. Since the apparent height is considerably influenced by the LDOS of the

sample on top of a possible bending of graphene at the edges, a large apparent height

of single atoms is predominantly connected to a large LDOS. Highest intensity in the

topography in Figure 6.9 (b) is found in the vicinity of zigzag edges concentrated on one

sublattice of graphene. Consequently graphene rings are represented by single atomic

protrusions instead of carbon rings due to the LDOS variations close to edges. Further

into the flake interior the increased apparent height of the edge sublattice decays and the

honeycomb lattice is completely restored within several nanometers [see inset in Figure

6.9 (a)]. The observation of increased LDOS connected to one single sublattice close to

the edge is possibly connected to the formation of edge states, which are expected also

for rougher zigzag edges as discussed in section 2.2.1.

The experimentally extracted atomic arrangements of the edges were compared with

the results of DFT including Tersoff-Hamann simulations3. The DFT calculation was car-

ried out for a free-standing graphene sheet (neglecting a substrate influence) with unre-

constructed and single H-terminated edges (one hydrogen atom per edge carbon atom).

3Calculation details freestanding G: The projector augmented plane wave method [223] is used with a
plane wave basis set with a maximum kinetic energy of 500 eV and the PBE exchange-correlation potential
[224] implemented in the VASP program [225]. The surface Brillouin zone is sampled with a 3×3 k-point
mesh centered the Γ point. The slab replicas are separated by approximately 15 Å in the surface normal
direction. C–C and C–H bond lengths were fixed to 1.442 Å and 1.084 Å, respectively. STM images were
generated according to Tersoff-Hamann formalism [149] as implemented in [228]. Calculations performed
by E. N. Voloshina, Humboldt Universität zu Berlin and L. Hammerschmidt, Freie Universität Berlin [218].

http://dx.doi.org/10.1021/nn500396c
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Figure 6.10 | DFT calculations of graphene edges. (a) Simulated STM image of a single H-
terminated free-standing graphene edge. (b) Simulated STM image of an unsaturated free-standing
graphene edge. In both simulations no substrate is considered. Simulation of STM using Tersoff-
Hamann approximation. DFT calculations and Tersoff-Hamann simulations were performed by E.
N. Voloshina and L. Hammerschmidt. E−EF = 0..+0.3 eV. Reprinted with permission from [218].
Copyright 2014 American Chemical Society. → Online.

A simulation of the STM image was performed using the Tersoff-Hamann approxima-

tion. A H-termination is very likely in experiment due to ubiquitous residual hydrogen

in UHV chambers and during the preparation procedure involving thermal decomposi-

tion of hydrocarbons. In Figure 6.9 (c) the STM simulation of the edge structure shows

similar features as in the original STM image. The majority of the LDOS is localized at the

C-H group of zigzag edges and the corresponding sublattice. Armchair segments incor-

porated into the zigzag edge, or small zigzag segments lead to the reduction of LDOS on

specific atoms in the bright edge sublattice. On the large scale these LDOS modulations

are often recognized as the characteristic arc-like features in STM images. Good overall

agreement is achieved despite the neglected substrate interactions.

In order to strengthen the assumption of single H-termination, further calculations

on graphene edges with and without single H-termination and neglected substrate were

performed. In Figure 6.10 (a-b) the simulated STM images in Tersoff-Hamann approx-

imation obtained from the two DFT calculations on the same graphene edge, but with

different termination is shown.

In the case of H-termination similar results as in Figure 6.9 (c) were obtained. Note

the different tunneling voltage of −0.3 eV in Figure 6.9 (c) compared to 0.3 eV in Figure

6.10. Again the LDOS is mainly localized on the C-H groups of zigzag elements and the

corresponding graphene lattice. The LDOS on the bright edge sublattice decays within

∼10 atomic rows into the flake neutralizing the sublattice asymmetry. A calculation of the

same edge segment without H-termination, i.e. with dangling bonds in Figure 6.10 (b)

yields diverse results. In this case the LDOS is smeared across several atoms of straight

zigzag edges. The LDOS closer to the interior of the flake is distributed such that two

http://dx.doi.org/10.1021/nn500396c
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Figure 6.11 | Graphene nanoflake. STM topography of a
small GNF. Scanning parameters: V = 0.3 V, I = 1.0 nA, T =
10 K. Reprinted with permission from [218]. Copyright 2014
American Chemical Society. → Online.
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nearest neighbor atoms exhibit increased LDOS. Consequently, the LDOS modulation

occurs in both sublattices in contrast to the calculations with H-termination, where only

the edge sublattice shows increased LDOS modulations.

The comparison shows that the experimentally observed situation for GNFs/Au(111)

is well described by single H-terminated graphene without consideration of the metal

substrate. Consequently a negligible interaction between H-terminated graphene edges

on Au(111) is inferred. Theoretically this conclusion is backed up by a DFT calculation

on ZGNRs on Au(111) with and without H-termination including the metal substrate by

Li et al. [229]. In this work the graphene edge is found to bind to the metal atoms leading

to a strong bending of the graphene edge in the case of missing H-termination. In con-

trast, the H-terminated ribbon is found virtually flat without edge-metal bonding formed

[229]. The results presented here are furthermore in line with results on deliberately

hydrogenated graphene ribbons on Au(111) [230] and with experiments on bottom-up

fabricated graphene ribbons on Au(111) surfaces [231]. The observed LDOS variations

of H-terminated graphene edges on Au(111) and the propagation of LDOS patterns into

the flake is consistent with experiments performed on HOPG [62, 63] further underlining

the negligible influence of the metal substrate.

In Figure 6.10 several characteristic zigzag and armchair combinations were intro-

duced into the edge region in order to resemble frequently observed experimental con-

figurations: i) A missing carbon atom is introduced into a long zigzag element, ii) a short

armchair edge segment is connected to two parallel zigzag edges, iii) two parallel long

zigzag edges are interrupted by a short zigzag segment running 60° to the main edge di-

rection. The general appearance of long zigzag edges resembles an appearance where

only the edge sublattice is bright with only little intensity modulation within the atomic

rows close to the edge. Such LDOS patterns are depicted in the image by a rhombus

connecting the atoms of a single sublattice of graphene. In contrast, the perturbations

induced in i)-iii) commonly give rise to LDOS modulations showing intensity on six next-

nearest neighbor carbon atoms constituting a hexagon. These superstructure modula-

http://dx.doi.org/10.1021/nn500396c
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Figure 6.12 | Defects in G/Au(111). (a) GNF with a large number of defects. LDOS modulations are
formed in the vicinity of defects. (b-c) Magnifications of two characteristic defects. (d) LDOS modula-
tions giving rise to (

p
3×p

3)R30◦ features are also observed far away from defects. (e) FFT showing
the reciprocal lattice of graphene including satellite peaks from moiré and herringbone reconstruction
(A) and the (

p
3×p

3)R30◦ superstructure (B). Scanning parameters: V= -20 mV, I= 0.5 nA, T= 9.3 K.
Size: (a) 30.5×30.5 nm2; (b-e) 4.2×4.2 nm2.

tions are responsible for the (
p

3×p
3)R30° features commonly observed in literature for

HOPG and SiC [55, 62, 63, 74]. The calculation also shows that armchair edges (ii) of-

ten show lower LDOS and especially one sublattice remains dark. A similar loss of LDOS

intensity is furthermore experienced for arrangements of short zigzag edges (iii).

The results show the importance of the LDOS for interpretations of STM topogra-

phies and underline possible limitations for the determination of atomic edge configu-

rations from STM images. In Figure 6.11 an example of a small GNF is presented, where

the LDOS modulations due to the graphene edges define the edge appearance and prop-

agate far into the flake interior. The left side of the flake consists of largely zigzag oriented

edge segments and represents again LDOS modulation features similar to the calcula-

tions in Figure 6.10. The right side on the other hand shows more complicated LDOS

modulations which presumably arise due to a rougher edge termination with a larger

amount of armchair segments [62, 75].

6.2.3 Atomic scale defects

LDOS modulations similar to the ones observed near edges are also found in the vicinity

of defects. Figure 6.12 (a) resembles a topographic overview of a GNF with several de-

fects giving rise to increased LDOS modulations. Two characteristic types of defects are

magnified in Figure 6.12 (b-c). In contrast to the appearance of LDOS modulations near

edges where a complete fading of intensity on one sublattice is observed, defects often

give rise to a more subtle intensity modulation among both sublattices. Characteristic

features in STM images can be described by chevron type lines of increased intensity

in Figure 6.12 (b) and ring-like features in Figure 6.12 (c). These features are charac-

teristic for the interference of electron waves as described previously for graphite and
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Figure 6.13 | Flower defect. (a) Topographic STM image showing two defects of the same type,
which are frequently observed. The image shows the characteristic LDOS pattern of a flower defect.
The LDOS modulations are superposed by scattering from the edge in close vicinity (compare topo-
graphic overview in inset) (b) Zoom of the lower left defect in (a) and superposed atomic lattice of a
flower defect. The atomic lattice was positioned using the inverse FFT of the atomic reflexes. Scan-
ning parameters: V = 300 mV, I = 1.5 nA, T = 11 K. Size: (a) 11.6×11.6 nm2; (a,inset) 36×36 nm2;
(c) 3.9×3.9 nm2.

graphene on SiC [55, 74]. Chain-like features as well as ring-like features are commonly

observed and can be explained by the interference of graphene electron wave functions

with different phases [55]. The LDOS modulations are also observed far away from de-

fects in Figure 6.12 (d) indicative of a very long coherence length in the graphene states.

The FFT in Figure 6.12 (e) shows the reciprocal lattice of graphene (A) and in addition

a second hexagon rotated by 30° and with side length of 1/
p

3 of the reciprocal lattice

(B) which proves that the modulations observed in real space are indeed connected to a

(
p

3×p
3)R30° superstructure.

The most frequently observed defects in the samples presented are of the kind shown

in the magnification in Figure 6.12 (b). Figure 6.13 shows a detailed investigation of this

defect acquired during a different measurement. In literature, the defect is well known

as flower defect [79]. It has been studied previously on SiC [78, 79] and is found to be

a member of the class of rotational grain boundary loops [79]. An atomic model is su-

perposed onto the atomically resolved STM topography in Figure 6.13 (b). The atomic

configuration consists of a core of seven carbon hexagons rotated by 30° (black). The

grain boundary (red) between the rotated core and the rest of graphene lattice produces

a sequence of six heptagons and pentagons surrounding the rotated core. The flower

defect is frequently incorporated into the graphene layer because it shows "the lowest

energy per dislocation core of any known topological defect" [79].

6.3 Graphene nanoflake manipulation

The weak interaction of G/Au and the absence of residual graphene-metal bonding at the

edges due to H termination described above is supported by the STM tip-induced lateral
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Figure 6.14 | Lateral manipulation of floating
GNFs on Au(111). Sequence of STM images
demonstrating the tip induced lateral displacement
of GNFs. The size of the GNF is approximately
105×40 nm2. (a) The GNF is initially found in R0◦

orientation, (b) rotated to R18◦ during scanning and
(c) pushed up the terrace and further rotated to
R50◦ simultaneously. Scan parameters: (a) V =
1.0 V, I= 0.3 nA, T= 300 K; (b) V= 1.0 V, I= 0.55 nA,
T = 300 K; (c) V = 0.23 V, I = 2.0 nA, T = 300 K.
Reprinted with permission from [218]. Copyright
2014 American Chemical Society. → Online.
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displacement of floating GNFs during room temperature STM experiments. Figure 6.14

(a-c) presents a sequence of STM topographies which shows that a large floating GNF is

displaced laterally by several ten nanometers on the sample surface. During the acqui-

sition of the STM image (not shown) electrostatic interactions between GNF and the tip

lead to a movement and a simultaneous rotation. Subsequent imaging reveals the flake’s

new position and rotation angle [Figure 6.14 (b)]. The displacement occurs frequently

and the flake can be moved to various rotation angles and positions [Figure 6.14 (c)].

GNFs of various sizes were displaced by the STM tip including the large flake with

∼105×40 nm2 in Figure 6.14 and the small flake with ∼40×40 nm2 in Figure 6.15. Tun-

neling conditions favoring the tip-induced flake displacement are achieved for higher

tunneling currents [V = 1.0 V, I = 1.5 nA in Figure 6.14] due to a decreased tip-sample

distance. However also small tunneling currents in combination with high bias voltage

[V = −2.0 V, I = 20 pA in Figure 6.15] lead to the displacement of GNFs. In general the

movement of molecules and atoms using STM due to the interaction with the tip is asso-

ciated to the electric field gradient underneath the tip [232], which is enhanced both by

reducing the tip-sample separation and the bias voltage. GNF displacements were not

achieved at low temperatures (∼10 K). Furthermore the displacement across terraces

occurs frequently, whereas the movement across step edges or on top of other GNFs ap-

pears hindered due to a barrier in the energy landscape.

The lateral displacement of GNFs on the Au(111) terraces suggests the energy barrier

for displacement of graphene on flat Au(111) to be small, necessitating a weak graphene-

metal bonding of the flake and especially of the edges. The displacement energy barrier

http://dx.doi.org/10.1021/nn500396c


6.3 Graphene nanoflake manipulation 101

Figure 6.15 | Lateral dis-
placement of GNFs. (a-d)
Sequence of STM topographies
evidencing the displacement
of a GNF. In (c,d) the flake is
moved while the topography is
acquired. GNFs were prepared
by thermal decomposition of
C60 molecules. Scan parame-
ters: (a-d) V = -2.0 V, I = 20 pA,
T = 300 K. Reprinted with
permission from [218]. Copy-
right 2014 American Chemical
Society. → Online. Ty
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appears to be of the same magnitude compared to superlubric sliding of a second layer

of graphene on top of the G/Ru(0001) system [233]. The lack of a preferential orientation

angle of the GNFs after displacement represents one difference to the study of super-

lubric sliding of the second layer of graphene on the G/Ru(0001) surface [233]. In the

G/G/Ru(0001) system a preferential alignment is reached for parallel alignment of the

graphene lattices due to the commensurability of two graphene layers. In the G/Au sys-

tem the graphene layer and the Au surface form an incommensurate system due to lattice

mismatch and herringbone reconstruction for any angular orientation and consequently

no preferred orientation is observed.

The tip-induced displacement strengthens the finding of an exceptionally well de-

coupled graphene layer on Au(111) which is distinctly smaller compared to other metal

surfaces [29, 30, 234]. A fundamental role is attributed to the H-terminated edges, which

ease the graphene-metal bonding. An open question is the origin of the H at the edges.

While residual H is omnipresent even in UHV chambers, the preparation using thermal

decomposition of hydrocarbons is another source for hydrogenation of edges.

The experiment in Figure 6.15 (a) was prepared using H-free C60 molecules as pre-

cursors. A thermal decomposition of the C60 precursor molecules on the Ir(111) surface

following the work of Lu et al. [25] was performed4 and leads to GNFs similar to the

GNFs prepared with C2H4 precursors. The displacement of the GNFs and also the edge

structure of this particular sample from C60 was found to be identical to preparations us-

ing hydrocarbons. The results indicate that H containing precursors are not necessarily

4Experimental conditions: approximately 0.5 monolayers of C60 were deposited onto the Ir(111) surface
at room temperature and subsequently annealed for 5 seconds at T =∼1200 ◦C.

http://dx.doi.org/10.1021/nn500396c
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needed to form hydrogenated graphene edges. Instead, the residual H within the UHV

system is sufficient.

6.4 Decoupling graphene nanoflakes by intercalation of Ag

The intercalation into G/metal interfaces is in general possible for a great variety of dif-

ferent metals. In this section the same approach as described in section 6.1 is imple-

mented for the electronic decoupling of graphene using Ag. The use of Ag(111) as a sub-

strate brings along interesting modifications compared to Au(111). First, the Ag(111) sur-

face does not show a surface reorganization such as the herringbone reconstruction of

Au(111). Second, ARPES studies performed by intercalation of a single monolayer of Ag

into G/Ni(111) show a strong n-doping with a Dirac point at ED =−560 meV in contrast

to a p-doping of ED =+100 meV in G/Au/Ni(111) [126]. No strong hybridization is found

despite the observed opening of a gap [126].

In the experiment an Ag film with 7.5 nm in thickness was deposited onto the GNFs

on Ir(111) and post-annealed at 420 ◦C for 30 min. Figure 6.16 (a) shows the sample sur-

face after preparation. The intercalated Ag film produces flat and reconstruction free sur-

faces. The image depicts a small GNF of approximately 25 nm in diameter after the diffu-

sion to the film surface. An atomically resolved zoom of the GNF interior reveals a moiré

superstructure indicated by the rhombus in Figure 6.16 (b). A defect in the lower left

corner is imaged and shows the appearance of considerable (
p

3×p
3)R30° LDOS mod-

ulations close to the defect, and more subtle also far away. These LDOS modulations are

indicative of electron wave interferences.

A second GNF covers the top right corner of Figure 6.16 (a). The magnification of the

edge region in Figure 6.16 (c) shows a zigzag edge with increased LDOS terminating the

carbon lattice. By comparison with zigzag edges in Figure 6.10 (a) single H-termination

(a) (c)

Ag(111) G/Ag

G/Ag

1 nm5 nm 1 nm

(b)

b

c

G
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g

Figure 6.16 | GNFs on Ag(111). (a) A small GNF is decoupled by intercalation of 7.5 nm of Ag.
A second floating GNF covers several Ag terraces. (b) Graphene moiré and scattering at defects in
G/Ag(111). (c) Magnification of the edge region of a floating GNF. Experiment in collaboration with J.
Tesch. Scanning parameters: V= -10 mV, I= 0.2 nA, T= 10 K.
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of the edges is inferred comparable to the case of GNFs on Au(111).

These results show that G/Ag(111) shows quasi-freestanding graphene behavior sim-

ilar to G/Au(111). The edge structure appears to be single H-terminated and no indica-

tions for a considerable bonding to the metal substrate are found.

Conclusion

This chapter demonstrates that GNFs on Au(111) surfaces can be obtained by a prepara-

tion approach based on the intercalation of thick metal layers. Using Au(111) for interca-

lation yields a good decoupling of the graphene layer. The GNFs are quasi-freestanding

and show all necessary properties for the investigation of graphene edges, defects and

associated LDOS modulations.

The structural investigation of Au(111) proves a weak interaction with the substrate

and a less inhomogeneous binding strength variation even compared to the weakly inter-

acting G/Ir(111) system. The topographic moiré corrugation determined from DFT cal-

culations is below 3 pm compared to a corrugation of 30–35 pm for G/Ir(111) [110, 123].

The edges on G/Au are found to be single H-terminated and lack bonding to metal atoms

which would result in a bending of the graphene layer at the edge as found for other metal

substrates [30, 29, 102]. The STM tip induced lateral displacement of GNFs at room tem-

perature is an ultimate proof for the lack of graphene-metal bonding.

The analogous intercalation of Ag(111) was presented and underlines the flexibility of

this approach. GNFs on Ag(111) exhibit features similar to G/Au(111) which qualify the

system as quasi-freestanding as well. Based on the successful intercalation of Au(111)

and Ag(111), a transfer of the preparation route to many more metals appears feasible

and allows for a tailoring of the graphene-metal interactions. Especially the intercalation

of binary surface alloys such as Bi/Ag(111) [235] and Pb/Ag(111) [236] using two separate

intercalation steps might open new routes to more complex graphene-hybrid-systems.

The approach furthermore offers an increased flexibility connected to the growth of

small GNFs with tunable size. Variations to the TPG annealing temperature allows for

a tailoring of mean GNF sizes. The use of alternative graphene growth substrates for

TPG such as Ni(111) in combination with this intercalation approach should allow for an

improved control over GNF shape, e.g. allowing for triangular GNFs [26].
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7 | Electronic properties of graphene
nanoflakes on Au(111)

In the previous chapter the structural properties of GNFs on Au(111), the moiré pattern

and their edge structure were investigated. The small topographic corrugation, the pos-

sibility to displace GNFs and the intense (
p

3×p
3)R30° LDOS modulations around de-

fects and edges of GNFs are promising properties suggesting that G/Au(111) is quasi-

freestanding in terms of electronic properties and distinctly well decoupled even com-

pared to G/Ir(111).

Using low temperature scanning tunneling spectroscopy, the electronic properties of

graphene can be addressed. Local point spectroscopy and mappings of the LDOS were

successfully performed on decoupled graphene on the HOPG surface [40, 237], on the

C face of SiC [238, 41, 239], on the Si face of SiC [74, 77, 72] and on silicon oxide [57].

However the situation becomes more adverse, when properties of graphene on metal

substrates are addressed. Besides the possible detrimental hybridization and interac-

tion with the metal substrate [88, 108], the presence of a large DOS from bulk and sur-

face states underneath graphene hampers the investigation of graphene properties us-

ing scanning tunneling spectroscopy. While graphene on HOPG shows perfect V-shaped

spectra with electron-hole symmetry about the Dirac point [237], spectra on graphene on

metals are dominated by contributions from the metal substrate [142]. In spite of several

studies showing dips in the spectroscopic measurements of epitaxial graphene on metal

surfaces which account the minimum to the Dirac point [97, 234], the unambiguous as-

signment of graphene features remains questionable. Quasiparticle interference (QPI)

mappings probing the dispersion relation, which could prove the position of the Dirac

point similar to graphene on SiC [72] are scarce at time.

More advances have been made recently on graphene nanoribbons on the Au(111)

surface. Here, the sudden drop of graphene DOS in a band gap leads to a well distinguish-

able graphene spectrum [240] and edge states were found on top of the background of

the metal electronic states [144, 241]. Graphene nanodots on the Ir(111) surface on the

other hand were investigated in detail, leading to a multitude of contradictory results

[140, 141, 136, 142]. While standing waves on the GNFs were found and likewise ac-

counted to confined electron modes, the discussion about whether graphene or surface

state electrons [140, 141, 136, 142] are confined could not be resolved ultimately. Es-

105
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pecially the lack of electron hole symmetry in STS spectra and in extracted dispersion

relations of the standing waves is a matter of concern.

In this chapter I will show that for G/metals the method of spatially resolved mapping

of QPIs is more reliable compared to local point spectroscopy due to remaining contri-

butions to the tunneling current from the substrate. Within this technique, the spatially

resolved DOS for fixed energy is probed in contrast to point spectroscopy, where the DOS

at a particular tip position is recorded over a broad energy range. Other than point spec-

troscopy, which does not allow for a convincing discrimination between the graphene

electrons and the electrons collected from the metal substrate states, the QPI mapping

technique can discriminate between the involved states based on their position in recip-

rocal space. A further benefit of the QPI mapping method is the ability to measure dis-

persion relations and even address the confinement of two dimensional electron gases

for both the surface state electrons and graphene.
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7.1 Surface state electrons

7.1.1 Confinement of surface state electrons

The sample is prepared by intercalation of Au into the G/Ir(111) interface as described

in chapter 6 and analyzed using dI/dV mappings on both the graphene and the Au(111)

surface areas. In Figure 7.1 (a) the STM topography of two small GNFs on Au(111) is de-

picted. The top left GNF is completely floating, whereas the lower right GNF is of the

embedded kind. In order to address the electronic properties, dI/dV maps were acquired

[compare description of the dI/dV technique in section 3.3]. The map for a bias voltage

of −150 mV is shown in Figure 7.1 (b). The outline of the GNFs remains slightly visible in

dI/dV mappings in form of dark and bright borders as an artifact from the topography

(the dark and bright borders are inverted upon change of the scan direction). First the

focus is on the spatial modulations of the LDOS around the GNFs. On the Au surface

the standing waves are readily assigned to the elastic impurity scattering of the surface

state electrons of Au(111) (Friedel oscillations) [162, 163]. From the line profile in Figure

7.1 (b) a periodicity λ1 = 2.35 nm of the standing waves on the Au surface is measured.

The standing waves on the area of the GNFs on the other hand show qualitatively simi-

lar interference patterns with slightly increased wavelength λ2 = 2.85 nm. The impurity
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-150 mV
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(a)
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Floating
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Topography

(c) dI/dV

-150 mV

(f)

x0 nm

Au

G / Au

dI/dV
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Figure 7.1 | Standing waves in floating and embedded GNFs. (a) Topographic image of two
GNFs and corresponding dI/dV signal (b) at -150 mV. Both graphene edges as well as substrate
steps give rise to standing waves. A line profile across the border of the embedded flake shows
the periodicity of the standing waves. The wavelengths around the flake (λ1 = 2.35 nm) are slightly
smaller than inside the flake (λ2 = 2.85 nm). (c-f) Series of dI/dV mappings at various bias voltages
showing the energy dependent wavelength of the standing waves inside the small embedded GNF.
Scan parameters: (a-b) 105×105 nm2, V = -150 mV, I = 1 nA, Vmod = 4 mV, T = 5 K; (c-f) 54.6×
54.6 nm2.
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(a) Topo

-100 mV

(b) dI/dV

-50 mV

(d) dI/dV

150 mV

(c) dI/dV

50 mV

Figure 7.2 | Standing waves in a small embedded GNF. (a) Topographic image of the GNF
and corresponding dI/dV mappings (b-d). Scan parameters: (a-d) 25×25 nm2, V = -100...+150 mV,
I= 0.5 nA, T= 3.7 K.

scattering is predominantly propelled by step edges, by defects and by the elbows of the

Au(111) herringbone reconstruction. Intriguingly, the presence of a floating graphene

edge on structurally intact Au surface areas [top left GNF in (b)] also gives rise to scatter-

ing on both sides of the edge and suggests the presence of a scattering potential due to

the graphene. In Figure 7.1 (c-f) the dI/dV maps of the embedded GNF in the lower left

corner are depicted for various bias voltages between −150 mV and +150 mV. Different

periodicities for the standing waves within the GNF are imaged and reflect the disper-

sion of the electronic states. In principle there is no qualitative difference between the

scattering inside embedded or floating GNFs suggesting the same type of confinement

with slightly enhanced magnitude within the embedded graphene, where the substrate

steps give rise to scattering. An example of confinement in a small GNF of about 20 nm

in length is given in Figure 7.2.

Revisiting the results with standing waves within small floating GNFs on Ir(111), we

find a controversial situation where the standing waves are either accounted to graphene

electrons [140, 136, 141] or surface state electrons confined by the presence of the GNF

[142]. Indeed, confinement of surface state electrons was shown to lead to similar eigen-

modes of the confinement in hexagonally shaped islands or holes on uncovered Ag(111)

surfaces [242, 243]. Furthermore an investigation of the energy dependence of standing

waves in G/Ir(111) is ambiguous, mainly due to the similar slope of dispersion relations

expected from scattering for graphene electrons (linear) and Ir(111) surface state elec-

trons (parabolic) in the narrow accessible energy range. Thus a clear distinction within

the accuracy of the experiment is challenging based on standing waves [136]. The con-

finement of electrons in a hexagonal confinement leads to remarkably similar standing

wave patterns for both linear and parabolic dispersion relations when calculated without

taking into account the pseudospin of graphene [141, 142, 136]. The only subtle differ-

ence between the confined modes is expressed in the scaling of the eigenenergies with

flake area [141].

7.1.2 Energy shift of the surface state dispersion relation

The advantage of the G/Au(111) system is the different position of surface state onset

and the graphene Dirac cone, which leads to significant differences in the slope of the
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Figure 7.3 | Standing waves of the Au(111) surface state electrons. (a) Topography of a large
partly floating GNF covering two Au terraces (bottom right). (b) Corresponding dI/dV measurement.
(c) Fourier transform of the Au area only (d) Fourier transform of the G/Au area. Scan parameters:
109×109 nm2, V= 50 mV, I= 1 nA, Vmod = 4 mV, T= 8 K.

Figure 7.4 | Quasiparticle backscattering in
a parabolic surface state. (a) The backscatter-
ing of electrons in parabolic metal surface states
is depicted. Quasiparticles (~ki) are elastically
scattered at a step edge (~kf) and interfere lead-
ing to a standing wave pattern with ~q = ~kf −~ki.
(b) Quasiparticle backscattering in metal surface
states connects two points on the parabolic dis-
persion relation with antiparallel k-vectors lead-
ing to interferences with q = 2k. (c) The onset of
the parabolic surface state in G/metals is shifted
towards the unoccupied states due to the pres-
ence of graphene.
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bands. In order to be able to assign the standing wave features on G/Au(111) flakes to

either one of the electronic systems, dI/dV maps are acquired on larger GNFs evaluating

the energy dependent periodicity of the standing waves via Fourier transform. In Figure

7.3 (a) the left side of a large GNF with partly freestanding edges covering two terraces

of the Au surface is depicted (see Figure 7.7 for a larger overview). In the corresponding

dI/dV channel in Figure 7.3 (b) intense modulations of LDOS are observed on both the

Au surface area and the G/Au surface area similar to the analysis above. In order to ex-

tract the periodicity of the standing wave patterns, the Fast Fourier Transform (FFT) of

the Au area and the G/Au area is calculated separately [depicted in Figure 7.3 (c,d)] both

showing a ring-like feature centered in the middle of the FFT but with slightly different

radius.

In Figure 7.4 (a) the quasiparticle backscattering at a step edge is depicted schemati-
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Figure 7.5 | Au surface state shift. (a) Fourier transforms of the complete mapping for various bias
voltages. (b) Radial distribution of intensity after an azimuthal integration around the center of the
FFT. (c) Dispersion of Au surface state for Au and G/Au areas. The dispersion relations are parabolic
and show a shift of ~100 meV.

cally for parabolic surface states centered at the Γ point1 of the surface BZ as they occur

on (111) surfaces of Au, Ag and Cu. Note that a possible Rashba-splitting of the states

is not considered at this point and will be discussed in section 7.3. Initial waves with

wavevector ~ki (Bloch states) are backscattered elastically at the step edge giving rise to

Bloch waves with wavevector ~kf. Constructive interference of the Bloch waves leads to

the standing wave in the LDOS of the Au surface state. In the dispersion relation [Fig-

ure 7.4 (b)] of the parabolic metal surface state, the wavevectors ~ki and ~kf point at two

opposite sides of the parabola centered at Γ in the case of backscattering. Therefore the

periodicity of the standing waves λ= 2π/q is connected to the dispersion relation of the

electrons via q =
∣∣∣~kf −~ki

∣∣∣= 2k.

For the determination of the dispersion relations in the G/Au system, an area of

109 × 109 nm2 is mapped across the rim of the GNF [Figure 7.3 (b)] for various bias

voltages. After Fourier transform the radius qAu for the Au area and qG,Au for the G/Au

area are extracted from the azimuthal integration around the center of the FFT [Fig-

ure 7.5 (a-b)]. The total energy resolution according to equation 3.15 is ∼8 meV and

the measurement is thus mainly limited by the sampling area defining the k-resolution

(∆k = 2π/109 nm−1 = 0.06 nm−1). By investigating large GNFs an influence from con-

finement can be reduced. The dispersion relation E(k) is plotted in Figure 7.5 (c). A fit

to the data of the Au(111) surface state gives a parabolic dispersion with the minimum at

E0,Au = (−0.39±0.02) eV and the effective mass of m∗
G/Au = (0.26±0.03)me. The obtained

values show a slight shift compared to the values found in literature for the Shockley sur-

face state on Au(111) single crystals of −505 meV [244], which can be accounted to the

1The surface projected Γ point will be labeled Γ in the following
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Figure 7.6 | Point spectroscopy. (a) dI/dV spectroscopy on G/Au(111) and on pure Au(111) for
Au hcp and Au fcc sites. (b) The onset of the Au surface state can be derived from the difference
between the Au hcp and Au fcc spectroscopy leading to the values of E0,Au = -0.43 eV and E0,G/Au =
-0.32 eV. Parameters for spectroscopy: Vstab = 0.5 V, Istab = 200 pA, Vmod = 3 mV, T= 8.3 K

film thickness and shows slight variations (±50 meV) across the sample.

The dispersion relation extracted from the graphene covered area also shows a para-

bolic dispersion relation with fit parameters E0,G/Au = (−0.30 ± 0.03) eV and m∗
G/Au =

(0.26±0.02)me. A clear shift towards lower binding energy of ∼100 meV is apparent and

explains the difference in standing wave periodicities measured in Figure 7.1 (b). The

comparable effective mass suggests the measured scattering to arise from the surface

state of the underlying metal, which decays exponentially into vacuum [165] and can

survive underneath a weakly interacting graphene layer [245]. A simple shift of the sur-

face state has been previously reported for noble gases adsorbed on the Au(111) surface

[246], for molecules on Au(111) [247] and also for graphene on Ir(111) [142].

7.1.3 Graphene features in spectroscopy and estimation of the graphene
binding energy

The point spectroscopy performed on G/Au(111) and Au(111) corroborates the observed

shift of the surface state. Local point spectroscopy on Au(111) surfaces was shown to

give valuable information on the surface state onset. In Figure 7.6 (a) dI/dV spectra ac-

quired locally on the Au hcp (solid cyan line) and Au fcc (dashed cyan line) regions of

the herringbone reconstruction are depicted [compare Figure 6.7 for a representation

of the herringbone reconstruction sites]. The two spectra both feature similar behavior

except for an energy range around −0.4 eV. Chen et al. showed that the additional super-

lattice potential of the herringbone reconstruction leads to a localization of low energy
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electrons at Au hcp sites thus increasing the DOS at energies at the bottom of the band.

Electrons react to this imbalance by localizing at the Au fcc regions for higher energies

[248]. The difference between spectra at Au hcp and Au fcc positions was found to form a

sharp peak at an energy which is characteristic for the surface state onset E0. The differ-

ence between the dI/dV signal of Au hcp and Au fcc regions on the investigated Au(111)

surface is depicted in Figure 7.6 (b) and displays a clear peak which allows to define the

energy minimum of the surface state to E0,Au = −0.43 eV. The energy minimum is in

good agreement with the value extracted from the fitting procedure of dispersion rela-

tions E(k).

Performing the same spectroscopy experiment on graphene, again distinguishing

between the herringbone fcc and hcp regions of the underlying Au surface, yields similar

dI/dV curves. The energy onset of the surface state appears shifted to E0,G/Au =−0.32 eV

compared to pure Au(111). This shift corresponds to the observed energy shift of the

surface state of Au underneath graphene with reasonable accuracy. From a number of

different measurements on various samples the shift of the surface state can be inferred

to be ∆E0 = 100±10 meV.

Characteristic graphene features in STS spectra, such as a V-shaped DOS, are not

found in the acquired data. Instead, graphene appears to be virtually transparent to

the STS experiment presented here, both in dI/dV (V ) spectra and in dI/dV maps. De-

spite the lack of graphene features in these measurements, the shift of the surface state

allows for an estimation of the adsorption energy of the graphene on Au(111). It has

been pointed out that Shockley type surface states are sensitive probes for adsorption

processes, which lead to an empirical linear dependence of the adsorption energy from

the surface state shift based on experiments with noble gases and molecules [247]. The

absorption energy per area Eads depends on the surface state shift ∆E via a propor-

tionality constant of 0.106 Å−2. In the case of graphene on Au(111) this corresponds to

Eads = 0.106 Å−2∆E = (10.6±1) meV/Å2 or to an adsorption energy of 56±6 meV per unit

cell. A comparison to binding energies of graphene from DFT yields reasonable agree-

ment, however it has to be treated with caution, since different functionals show varying

binding characteristics [249, 250]. In the case of G/Au(111) the local density approxi-

mation yields a binding energy per atom of 31 meV [249] comparable to the findings

extracted from the Shockley surface state shift (2 atoms per graphene unit cell). Includ-

ing the non-local van-der-Waals corrections within the vdW-DF functional still leads to a

fairly reasonable value with a slightly increased binding energy of 38 meV per atom [249].

Conclusion

The clear parabolic behavior of the dispersion relations observed both on G/Au(111) and

on Au(111) suggest that the observed modulations of LDOS are solely due to the surface

state of the Au(111) substrate. A simultaneous existence of confined graphene electrons

and surface state electrons cannot be inferred from this kind of measurements. Fur-
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thermore the local point spectroscopy shows no sign of graphene DOS and suggests that

graphene is virtually transparent to the particular tip used in the measurements pre-

sented in this section. On the other hand, the adsorption energy of graphene on Au(111)

appears to be comparably low, only slightly larger than Ar or Kr gases physisorbed on

the Au(111) surface. Based on the method of Ziroff et al. [247] an adsorption energy of

56± 6 meV is extracted indicative of a negligible interaction of graphene with the sub-

strate.
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7.2 Dispersion relations of single and double layer graphene

7.2.1 Single layer graphene on Au(111)

Distinction between graphene states and surface state contributions

In order to access the electronic properties of graphene, atomically resolved dI/dV maps

were acquired close to the area used for the Au surface state mappings [small dashed

rectangle in Figure 7.7 (a)]. The atomically resolved topographic STM image (b) of the

mapping area clearly shows the Shockley partial dislocation lines of the Au(111) surface,

the moiré superstructure and the honeycomb lattice. The STM topography reflects the

perfectly intact structure of the GNFs. Defects and grain boundaries in graphene on Au

lead to intense scattering and are therefore imaged even on large scale STM topographs.

Only two single defects are present in the mapping area and underline the high structural

quality.

The corresponding atomically resolved dI/dV mapping in Figure 7.8 (a) and the cor-

responding FFT (b) show several features on different length scales. Feature A resem-

bles a circle around the center of the FFT with diameter of ∼6 nm−1 and corresponds

to the QPIs of the Au surface state analyzed before. Comparable qualitative appear-

ance of the real space Au surface state standing waves can be recognized already in

the dI/dV mapping and becomes even clearer after an inverse Fourier transform selec-

tively considering only the ring-like contour of feature A [Figure 7.8 (c)]. As discussed

in the previous section, these standing waves are a feature of the surface state of the

underlying Au(111) substrate, which decays into vacuum exponentially [165] but does

not contain any graphene related information. More importantly, the atomically re-

solved dI/dV mappings show additional features labeled B, C and D connected to the

(a) Topography

G/Au

Au

Au

G/Au

b

50 nm

Topography(b)

10 nm

Figure 7.7 | Topographic overview of the GNF used for mappings. (a) STM topography of an ap-
proximately 400 × 160 nm2 large R0◦ GNF. Dashed rectangles indicate the areas where the Au(111)
surface state mapping and the atomically resolved mappings were performed. (b) Topography of the
area used for dI/dV mappings. Graphene moiré, herringbone reconstruction and atomic lattice are
visible. Scan parameters: 54×54 nm2, V= -20 mV, I= 1 nA, Vmod = 2 mV, T= 7.7 K.
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Figure 7.8 | Quasiparticle interferences in
atomically resolved mappings on a large
R0◦ GNF. (a) dI/dV map at a bias volt-
age of -20 mV. (b) Fast Fourier transform of
the dI/dV map. The dashed hexagons in-
dicate the reciprocal lattice (large hexagon)
and the (

p
3×p

3)R30◦ superstructure (Bril-
louin zone) of graphene (small hexagon), re-
spectively. (c) Selective inverse FFTs of the
features indicated in the FFT. A: Au(111) sur-
face state, B: Intravalley scattering, C: In-
tervalley scattering, D: honeycomb lattice of
graphene without moiré and herringbone su-
perstructure spots. Scanning parameters:
54×54 nm2, V = -20 mV, I = 1.0 nA, Vmod =
2 mV, T= 7.7 K.
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graphene atomic resolution. The outermost hexagon (D) connects the reciprocal lat-

tice points of graphene and the selective inverse FFT shows the corresponding graphene

honeycomb lattice, where the atoms appear slightly elongated due to the specific tip

characteristics. The reciprocal lattice spots are surrounded by a number of sharp spots

which arise due to the superposition of G/Au moiré and herringbone reconstruction

[compare section 6.2.1]. The smaller hexagon (C) connects six ring-like features rotated

by 30◦ compared to the first order atomic lattice spots. This rotated hexagon gives rise

to the (
p

3×p
3)R30° superstructure in the real space images and was previously con-

nected to intervalley scattering in literature [74, 77, 160, 72]. In the inverse FFT, the

ring-like features C give rise to long wavelength intensity oscillations imprinted on the

(
p

3×p
3)R30° lattice. Finally, the small ring-like feature B in the middle of the FFT gives

rise to long wavelength oscillations similar to the long wavelength oscillations modu-

lating the (
p

3×p
3)R30° superstructure in feature C. The latter feature is related to the

intravalley scattering in graphene [74, 77, 160, 72].
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Figure 7.9 | Possible scattering processes in graphene. (a) Schematic illustration of the graphene
dispersion relation. (b) The combined CEC of graphene and the Au(111) surface state is depicted.
Possible transitions between graphene states are intervalley (grey) and intravalley (orange) scattering
processes. For the spin-orbit split Au surface state only transitions from one to the other contour are
observed (blue). (c) The scattering leads to ring-like features in the FFT of dI/dV maps with interval-
ley scattering located at positions corresponding to the corners of the (

p
3×p

3)R30◦ superstructure.
Intravalley scattering on the other hand is located at the center of the FFT (small ring). Au(111) sur-
face state backscattering is observed simultaneously in the middle of the FFT (larger ring). Scanning
parameters: 54×54 nm2, V= -20 mV, I= 1.0 nA, Vmod = 2 mV, T= 7.7 K.

The dispersion relation

Focusing on the
p

3×p
3R30◦ reflexes allows the quantitative evaluation of the G/Au dis-

persion relation. The atomically resolved dI/dV mappings were acquired with real space

dimensions of 54×54 nm2 in order to give sufficiently large k-resolution with kmin =
2π/L = 0.1 nm−1 and L being the width of the real space mapping area. The large k-

resolution is sufficient to resolve the structure within the intervalley (C) and intravalley

(B) features. A magnification of the discussed FFT is depicted in Figure 7.9 (c) and shows

a ring-like intensity distribution within the features B and C. Both features are related to

QPIs of graphene electrons [74, 160, 72] as described in the following. QPIs arise due to

the elastic impurity scattering of electrons between states~k and states~k ′ on the constant

energy contour (CEC) [Figure 7.9 (a-b)]. In the case of the scattering between two neigh-

boring K and K’ points (intervalley), the resulting scattering vector points at the corner of

the hexagonal (
p

3×p
3)R30◦ superstructure in the FFT in Figure 7.9 (c), i.e. the corners

of the Brillouin zone. As discussed in section 3.3.3 according to stationary phase approx-
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Figure 7.10 | Dispersion relation of G/Au(111) from intervalley scattering. (a) Magnifications of
the top left intervalley scattering disc for various energies (3.5×3.5 nm-2). (b) Radial distribution of
intensity after an azimuthal integration around the center of the rings in the FFTs. (c) The G/Au(111)
surface state dispersion from the atomically resolved mappings (blue triangles) is plotted in combina-
tion with the full surface state dispersion for pristine Au(111) (cyan diamonds) as well as for G/Au(111)
(blue triangles) from Figure 7.5. The dispersion relation of the graphene electrons is reconstructed
from intervalley scattering features (red squares) determined from a series of atomically resolved
constant-energy mappings. The corresponding fit (red line) including uncertainty (red dotted lines).
The plotted k values are measured with respect to the Γ-point in the case of the surface state and
with respect to the K-point in case of graphene. Reprinted with permission from [218]. Copyright
2014 American Chemical Society. → Online.

imation, constructive interference of the LDOS is only reached for antiparallel gradients

∇~k E(~k) corresponding to opposite group velocities v =ħ−1∇~k E(~k) of the involved Bloch

waves [175, 174, 177]. In the case of graphene, this corresponds to scattering between two

points on opposite sides of the circular CEC at adjacent corners of the Brillouin zone.

The scattering vector ~q = ~k ′ −~k for graphene intervalley scattering processes between

graphene states at K′
2 and K3 amounts to

~qinter = (
# –
ΓK′

2 +~k ′
G )− (

# –
ΓK3 +~kG ) (7.1)

= # –
ΓK1 −2~kG , (7.2)

where~kG =−~k ′
G was introduced to fulfill the antiparallel gradient condition. Considering

all possible scattering vectors connecting allowed transitions between the neighboring K

http://dx.doi.org/10.1021/nn500396c
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and K’ points on the CEC, six circular contours in the FFT are formed with radius∣∣∣~qinter − # –
ΓK

∣∣∣= 2kG (7.3)

of the ring-like feature. Note that the value kG is measured with respect to the corre-

sponding Brillouin zone corner. Similar, the transition between states on opposite sides

of one constant energy circle (intravalley) will also give rise to a scattering vector, in this

case around the center of the Fourier transform, with radius
∣∣~qintra

∣∣ = 2kG in analogy to

the intervalley scattering features. Note, in perfect graphene intravalley backscattering

is in principle forbidden due to pseudospin conservation resulting in the absence of the

central ring in FFTs, however its presence in G/Au flakes is discussed in section 8.1.

In Figure 7.10 (a) magnifications of the top left intervalley scattering circle are shown

for bias voltages between −50 mV and +30 mV. The variation in diameter is clearly re-

solved going from high bias voltages to lower bias voltages. In order to obtain the dis-

persion relation, the radial distribution of intensity around the center of each interval-

ley scattering ring was determined by azimuthal integration [Figure 7.10 (b)]. For the

evaluation of the graphene dispersion relation in Figure 7.10 (c) all scattering discs were

taken into consideration and subsequently averaged (given the contour is sufficiently

well reproduced). The red squares show the corresponding dispersion relation E(k) of

graphene for the voltage range between −50 meV and +50 meV. The graph shows the kG -

vector of graphene, which is measured with respect to the K-point. The data clearly fol-

lows a linear trend and a fit of the energy E(k) =ħvFk +ED yields a Dirac point shifted to

ED = (+0.24±0.05) eV with respect to EF and gives an estimate of vF = (1.1±0.2) ·106 m/s

for the Fermi velocity. The observed Fermi velocity also nicely corresponds to the ex-

pected value of 1 ·106 m/s [7]. The parabolic dispersion relations of the Au surface state

obtained at the edge of the same flake are plotted in cyan (Au) and blue (G/Au) including

the Au surface state backscattering values extracted from atomically resolved maps. They

clearly show the different behavior of the two electronic systems. Using the Fourier trans-

form based determination of dispersion relations is very important for graphene, since

only the correct assignement of the features in FFT allow for an unambiguous measure-

ment of the graphene states. A simple measurement of the periodicity of standing waves

in real space images is not sufficient, since one can see from the previous investigations

that both intravalley backscattering features as well as surface state backscattering fea-

tures yield similar real space modulations with different periodicities, only distinguish-

able when considering the complete atomically resolved mappings.

The obtained dispersion relation shows a p-doping which is in agreement with re-

cent ARPES studies [130, 251, 99]. Comparing the value for the Dirac point of 240 meV

with the values of 100–150 meV [130, 251] obtained from ARPES studies for monolayer

graphene on gold systems, shows a slight deviation. The ARPES experiments were per-

formed on samples with large scale graphene on a single intercalated layer of gold, and

thus show different system morphology, i.e. the absence of herringbone reconstruction,
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Au surface state and small flakes. However, various experiments performed on several

other GNFs with varying sizes, various rotation angles between graphene and Au and

also on significantly thinner intercalated Au layers show similar behavior and suggest the

electronic properties and doping of graphene on Au to be largely independent of surface

topography and surface states.

Concerning the shift in the Dirac point position, the electrostatic potential of the tip

has to be considered since an influence cannot be ruled out. The small distance during

atomically resolved mappings (the tunneling current of I ≈ 1 nA allows for an estimation

of a tip to sample separation of d = 0.5 nm) and the very small DOS of graphene close

to the Dirac point can affect the position of the Fermi level with respect to the Dirac

point [252] when applying an electric field. Band bending due to tip electric field induced

doping has been observed for graphene systems [253] and will lead to an increased slope

of the dispersion relation, slightly overestimating the Fermi velocity. Furthermore, an

additional doping can also occur only from the mere presence of an STM tip close to the

surface without applying an electric field, because of the different work functions of tip

and sample [73, 158]. Understanding of the influence of the tip work function on the

Dirac point could be tackled by using different tip materials with large difference in work

functions (PtIr, W).

7.2.2 Twisted bilayer graphene on Au(111)

Stacked graphene layers prepared by horizontal diffusion of intercalated flakes

After the decoupling of GNFs from the Ir(111) substrate via intercalation of Au most GNFs

are found in the R0° configuration preserving the registry of the Ir(111) substrate. The

low rotational disorder of the GNFs on Au(111) was evidenced by LEED and discussed

in chapter 6.1. However, in rare cases GNFs on the Au surface with orientations dif-

ferent than R0° are found, then often of the floating type, thus all edges are on top of

the supporting Au(111) surface. Occasionally, GNFs on the Au surface are encountered

in stacked configurations commonly in combination with large rotation angles, hence

suggesting that the annealing of the sample during intercalation involves a horizontal

diffusion of GNFs in combination with rotations, if the flakes are not pinned.

In Figure 7.11 (a) the topographic STM image of two stacked GNFs is shown. A large

floating GNF marked with A covers the left side of a smaller GNF, which is embedded in

the Au(111) surface marked by B. A magnification is shown in Figure 7.11 (b). The large

flake A overlaps with the embedded flake B as shown in the inset in the lower left corner

and forms two stacked graphene layers. The two stacked GNFs are rotated with respect

to each other, giving rise to an additional moiré superstructure on the area of the overlap-

ping flakes marked with G/G/Au. Utilizing the atomic resolution on the G/Au region on

the lower flake, the orientation was determined as R0° (the orientation was measured in

the FFT via the angle between the superstructure reflexes of the herringbone reconstruc-



120 7 Electronic properties of graphene nanoflakes on Au(111)

(b) G/Au G/AuG/G/Au

G/G/Au

10 nm

c

d
e

(c)

(d)

(e)

50 nm

(a)

b

A

B

R
7

R
0

2 nm

(f)

[1
1-

20
]

f

Figure 7.11 | Twisted bilayer graphene. (a) STM topography of a large floating flake in R7.8◦

orientation overlapping with a smaller R0◦ flake. Inset: Schematic representation of the flake ar-
rangement: Lower graphene layer red color, top most GNF, grey color. (b) STM topography of the
overlap region. (c-e) Atomically resolved topographic magnifications: 4.3×4.3 nm2. The white arrow
marks the carbon [1120] direction. (f) Magnification of the edge topography in the G/G/Au area with
atomically resolved features. The edge is aligned along the zigzag direction. Scan parameters: (a)
V= 0.3 V, I= 0.5 nA; (b-e) V= 0.3 V, I= 0.5 nA; (f) V= 0.3 V, I= 0.5 nA.

tion and the reciprocal lattice of graphene). The large flake on the other hand is tilted by

an angle of ∼7.8° with respect to the Au lattice. The rotation angle of the topmost flake

suggests that the large flake has undergone horizontal diffusion in combination with a

rotation during the post-annealing step of the intercalation based preparation procedure

eventually ending up in a configuration partly covering the smaller R0° flake. The flake

is pinned only by a small cluster just above the top of the embedded GNF.

The magnifications in Figure 7.11 (c-e) show atomic resolution and moiré of the dif-

ferent graphene areas: on the embedded R0° flake (c), on the rotated floating flake (e)

and on the overlap region of both flakes (d). The white arrows mark the graphene [1120]

directions, which are clearly visible from the atomic resolution and illustrate the small

twist in the orientation of the overlapping GNFs. Along with the small rotation angle of

the floating flake, the moiré periodicity decreases compared to the R0° moiré (see equa-

tion 2.22) leading to a subtle difference in appearance of the moiré in Figure 7.11 (c)

and (e). More drastic changes to the appearance of the STM topography are found for

the G/G/Au region, where the moiré becomes much more pronounced compared to the

Shockley partial dislocation lines of the herringbone reconstruction. The moiré super-

structure is now more irregular, presumably because it is a superposition of herringbone

reconstruction, G/Au moiré of the first layer and G on G/Au, which also shows a moiré

due to the rotation of the two graphene layers [254, 58, 239]. The twisted bilayer graphene

moiré is also visible in the FFT of atomically resolved dI/dV mappings or topographies,

as depicted in Figure 7.12 (c). The hexagonal superstructure spots are positioned around

the center of the FFT and yield a moiré superstructure periodicity of dm = 2.02 nm. Ac-
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Figure 7.12 | Scattering in G/G/Au. (a) dI/dV mapping at +10 mV bias voltage across the G/Au
and G/G/Au areas. (b) FFT of the G/Au dI/dV mapping. (c) FFT of the G/G/Au dI/dV mapping. Scan
parameters: (a) 48.6×48.6 nm2, V = 10 mV, I = 1.0 nA, Vmod = 3 mV, T = 8.6 K; (b) Real space area
of dI/dV mapping: 40×40 nm2; (c) Real space area of dI/dV mapping: 20×30 nm2.

cording to equation 2.23 this corresponds to a twist angle of ∼7° similar to the twist angle

determined from the orientation of the single flakes with respect to the Shockley partial

dislocation lines.

Electronic structure of twisted bilayer graphene

It was experimentally found that achieving atomic resolution on the stacked GNF system

is much easier compared to the G/Au system. However, the features observed regarding

the scattering of edges and defects are similar for both the G/Au and G/G/Au system. A

magnification of the right edge of the large floating flake is depicted in Figure 7.11 (f)

in the overlapping area. Similar to the study of graphene edges on Au(111) and compa-

rable to the DFT calculations of freestanding graphene layers in section 6.2.2, increased

intensity in STM topographies at positions corresponding to the edge atoms of zigzag

segments are found. Local intensity modulations of the atomic rows decay into the flake

interior and show qualitatively similar features as comparable edge configurations for

G/Au(111). This finding suggests a single H-terminated edge configuration as in the case

of G/Au(111). Quantitatively the edges of the G/G/Au area show a larger enhancement of

intensity compared to the edges in the G/Au area hinting at an even smaller interaction
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Figure 7.13 | Dispersion relation of a twisted bilayer graphene on Au(111) from intervalley
scattering. (a) Magnifications of the top right intervalley scattering disc for various energies (3.5×
3.5 nm-2). (b) Radial distribution of intensity after an azimuthal integration around the center of the
ring in the FFT. (c) Dispersion relation of the twisted bilayer graphene (black) and of the monolayer
graphene from Figure 7.10 (red).

of the in both cases quasi freestanding graphene edges.

Similar to the G/Au system, the characteristic intensity modulation of the edges is a

clear fingerprint of the electronic structure of quasi-freestanding graphene. In order to

investigate the electronic properties in more detail, dI/dV maps were performed [Figure

7.12 (a)] and the FFT was investigated [Figure 7.12 (b,c)]. In the case of the G/Au area the

features in the FFT are as in the previous investigations, showing a superposition of Au

surface state scattering (A), intravalley (B), intervalley (C) and scattering around recip-

rocal lattice points (D). The Au surface state backscattering is not visible in the G/G/Au

area, hence indicating the decay of the surface state wave function in direction perpen-

dicular to the surface to an amount small enough in order to be not observable anymore.

Both areas of the GNF, i.e. on G/G/Au and G/Au areas, show pronounced intervalley

scattering reflexes (C) which were used to quantitatively determine the dispersion rela-

tion of twisted bilayer graphene [Figure 7.13]. Atomic resolution in the dI/dV channel

was achieved for voltages down to −140 mV. Magnifications of the intervalley features

(C) at different bias voltages are depicted in Figure 7.13 (a) and the radius of the circu-

lar features was determined using azimuthal integration around the center of the ring

(b). The FFTs show only a filled disc in the voltage range above −20 mV due to the lim-
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ited q-resolution of qmin = 2π/L = 0.3 nm−1 with L = 20 nm being the narrow side of the

real space mapping area. Below −20 mV the intervalley scattering features become cir-

cles, with a radius
∣∣∣~qinter − # –

ΓK
∣∣∣= 2k which increases for growing energies in the occupied

states. The dispersion relation is plotted in Figure 7.13 (c), black curve, including only

those voltages, where a clear ring could be resolved. The linear fit yields a Dirac energy

of ED = 85±25 meV and a Fermi velocity of vF = (0.8±0.1) ·106 m/s. For comparison the

dispersion relation of G/Au(111) from the previous chapter is also plotted in red. A severe

shift in energy is immediately visible, when comparing both dispersion relations, result-

ing mainly from the downshift of the Dirac point closer to the Fermi level (G/Au: 240 meV

compared to 85 meV for G/G/Au). This downshift is readily understood by a better de-

coupling of the second graphene layer in conjunction with an electrostatic screening of

the doped first graphene layer comparable to graphene multilayers on the carbon face of

SiC [73]. Similar to a monolayer G/Au, the position of the Dirac point in G/G/Au might

be affected by the tip potential [253, 73, 158] additionally, especially since the DOS in this

situation is now even lower due to the smaller doping level.

A closer look at the Fermi velocity of the investigated G/Au and G/G/Au systems

shows a reduced Fermi velocity of (0.8± 0.1) · 106 m/s in twisted graphene bilayers on

Au compared to (1.1±0.2) ·106 m/s in G/Au. This is puzzling at first, since the value of

the G/Au system with a larger electronic substrate interaction is closer to the expected

Fermi velocity of 1.0 ·106 m/s for graphene [7].

Reduced Fermi velocities are reported in literature with two different origins [36].

In the first case a renormalization of Fermi velocity occurs in decoupled monolayers of

graphene due to an electron-phonon interaction [237]. The e-ph interaction occurs only

in graphene layers which are sufficiently decoupled, such as graphene layers with large

twist angles on HOPG. In the latter system a reduced Fermi velocity of 0.8 ·106 m/s was

reported [237]. Regarding the Fermi velocity in monolayers of graphene on metals, no

reduction of vF is observed as a result of reduced e-ph coupling due to the metal substrate

[255]. In the second case, reduced Fermi velocities are observed for bilayer graphene

with small rotation angles. Due to the small twist angle between the two Brillouin zones

of the graphene layers, an overlap in the region of the Dirac cone leads to a hybridization

with the formation of van Hove singularities at the cone intersections. A reduction of the

Fermi velocity has been observed in this case as well [58].

A distinction between the two effects is only possible based on the additional fea-

tures in the graphene DOS. Whereas an e-ph related renormalization of vF leads to kinks

at fixed energy of ±150 meV around ED [237], the twist-induced van Hove singularities

feature two extra peaks in DOS with variable separation depending on the twist angle

[58]. In order to clarify the origin of the Fermi velocity reduction observed in this case

local point spectroscopy should be performed and analyzed with respect to additional

peaks or kinks.
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Conclusion

In summary, spatial LDOS modulations of graphene were found to allow for an unam-

biguous discrimination between features originating from the graphene and surface state

electrons. Measuring the radius of the (
p

3×p
3)R30° superstructure reflexes in the FFT

of dI/dV mappings gives direct access to the graphene electrons. In the case of mono-

layer graphene on Au(111), a linear dispersion relation with residual p-doping of 240 meV

was found. A Fermi velocity of (1.1±0.2) ·106 m/s was determined.

Overlapping graphene layers were found to form during the intercalation of Au, leav-

ing behind regions with twisted bilayer graphene. The electronic properties of such

twisted bilayer graphene areas show an increased accessibility of atomically resolved

graphene features, a Dirac energy closer to the Fermi level with only mild residual p-

doping of 85 meV and a reduced Fermi velocity of (0.8 ± 0.1) · 106 m/s. The origin of

the reduced Fermi velocity is not clear as both a better decoupling of twisted bilayers in

combination with an e-ph interaction or the formation of van Hove singularities due to

overlapping Dirac cones are possible.
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7.3 Local measurement of Rashba split states at the G/Au(111)
interface

In the previous section we have seen that the standing waves of simple surface-state-

sensitive tips do not contain any information on the graphene electronic properties,

whereas the atomically resolved dI/dV mappings show the characteristic (
p

3×p
3)R30°

superstructure connected to the intervalley scattering, which allows for an unambigu-

ous distinction between the electronic systems of Au(111) and graphene. In the follow-

ing section I will show that with different STM tip configurations one can not only dis-

tinguish between the graphene and Au surface state contributions, but also probe QPI

patterns connecting the two weakly interacting systems. Within the description of the

G-Au scattering it will become clear that these scattering processes inherently contain

the Rashba splitting of the Au(111) surface state, giving rise to a local observation which

is not accessible on pristine Au(111) surfaces by means of STM investigations2.

High k-resolution dI/dV mapping on a large GNF

In Figure 7.14 (a) the topography of a GNF used for high k-resolution mapping is shown.

The flake has dimensions of approximately 450× 140 nm2 and allows for dI/dV map-

pings on a single terrace with a size of 90× 90 nm2. The mapping area is depicted in

Figure 7.14 (b). These real space dimensions allow for a theoretical k-resolution for

the FFT of kmin = 2π/90 nm =0.07 nm−1. The FFT in Figure 7.14 (c), corresponding to

the atomically resolved topography in Figure 7.14 (b), shows the reciprocal lattice spots

(dashed hexagon) and the superstructure spots of the moiré and herringbone recon-

struction (connected by a dash-dotted hexagon). From the superstructure spots a rota-

tion of 20.5° between the graphene lattice and the Au(111) surface is deduced and gives

rise to a rather small periodicity of the moiré superstructure of 0.68 nm. The flake rota-

tion, however is of subordinate importance for the following experimental results, since

similar observations were also found for various rotation angles.

The digital zoom in Figure 7.14 (d) shows the atomic graphene lattice in the vicinity

of a Flower defect. The topography does not show the commonly observed honeycomb

lattice as presented in atomically resolved topographies in section 6.2.1. However, this

is only the effect of the rotation angle of the GNF and the resulting small moiré period-

icity, in combination with strong electronic effects arising from scattering at defects and

edges [compare section 6.2.2 on GNF edges and section 6.2.3 on atomic scale defects].

The clear sign of scattering around defects indicates that an access to graphene’s elec-

tronic properties via QPI mapping is possible and gives rise to the previously discussed

intervalley and intravalley scattering features in the FFT in Figure 7.14 (c).

2The results of the following section were published in Phys. Rev. B 90, 241406(R) (2014) under the title
Rashba splitting of graphene-covered Au(111) revealed by quasiparticle interference mapping [256].



126 7 Electronic properties of graphene nanoflakes on Au(111)

15 nm

d

(d)

100 nm

Au

G/Au 14
0 

nm

(a)

2 nm

10 nm-1

(c)

(b)

Figure 7.14 | (a) Topography of the GNF on Au(111) (450×160 nm2). (b) Atomically resolved
topography of the area indicated in the overview (88×88 nm2). The corresponding Fast Fourier
transform is depicted in (c) highlighting the reciprocal lattice spots (white dotted hexagon) and the
moiré unit cell (orange dash-dotted hexagon). (d) Magnification of the area around the defect marked
in (b) displaying the atomic lattice. Scan parameters: (a) V = 100 mV, I = 0.5 nA; (b, d) V = -20 mV,
I = 1.0 nA. Reprinted with permission from [256]. Copyright 2014 by the American Physical Society.
→ Online.

Selective tunneling of STM tips. Graphene versus substrate sensitivity.

In order to address the electronic properties of graphene, dI/dV mappings were per-

formed for several bias voltages. The appearance of graphene in these mappings greatly

depends on the tip configuration. In Figure 7.15 the influence of the tip configuration

on the appearance of dI/dV mappings is shown. The figure presents two dI/dV maps

which were measured with two commonly observed tip configurations. The mapping in

Figure 7.15 (a) acquired with tip configuration 1 gives rise to one dominant long wave-

length modulation feature in addition to the modulations of the (
p

3×p
3)R30° lattice,

both of which can be clearly assigned to QPIs of graphene (intravalley and intervalley) by

looking at the features in the FFT in Figure 7.15 (b). The intravalley scattering in this case

is exceptionally well recognizable due to the missing standing waves of the surface state,

which would produce similar long wavelength modulations in the dI/dV mappings with

slightly shorter periodicity. Imaging the same area of the flake with the second tip config-

uration shows the additional Au surface state standing waves with smaller periodicity in

real space mappings [Figure 7.15 (c)]. Comparing the FFTs in Figure 7.15 (b) and (d), the

most prominent difference between the two measurements is the additional long wave-

length modulation in real space which gives rise to an additional ring-like backscattering

feature at the center of the FFT due to the Au surface state electrons in the case of Au

sensitive tip configurations, as discussed in section 7.1. A further subtle difference can

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.90.241406
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Figure 7.15 | Effect of different tip configurations on the imaged scattering events. The dI/dV
maps in (a) and (c) were acquired in the area of the large GNF depicted in Figure 7.14 (b) with
different tip configurations. The white arrows indicate two defects, which show that indeed the same
area is measured. The corresponding FFTs are depicted in (b) and (d) including magnifications
(3.5×3.5 nm-2) of the graphene scattering discs. The tip configuration 2 in (c-d) shows features of the
Au surface state electrons in addition to the tip configuration 1 in (a-b) where only graphene states are
imaged. The white dashed hexagon indicates the Brillouin zone of graphene. Scanning parameters:
(a) 88×88 nm2, V= -20 mV, I= 1.0 nA, Vmod = 4 mV, T= 10 K; (c) 90×90 nm2, V= -10 mV, I= 1.0 nA,
Vmod = 3 mV, T = 10 K. Reprinted with permission from [256]. Copyright 2014 by the American
Physical Society. → Online.

be seen for the scattering features positioned around the (
p

3×p
3)R30° superstructure

spots, which will be discussed later in detail.

Figure 7.15 clearly shows that the particular configuration of the tip apex, yet un-

known, determines the number of electrons that tunnel from different electronic states.

Altenburg and coworkers [142] calculated the contribution of tunneling electrons from

different positions in k-space for the G/Ir(111) surface by the Tersoff-Hamann model

assuming an s-like tip configuration. As a result, the dominating part of the tunnel elec-

trons originate from the Γ point3 comprising the Au surface state electrons, whereas the

amount of graphene electrons from the K point is strongly reduced due to the large ~k||
vector. This corresponds to the mapping with tip configuration 2, where the tunneling

current is dominated by Au surface state contributions, whereas for tip configuration 1

3For simplicity, the surface projected Γ point will be labelled Γ henceforth.

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.90.241406
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Figure 7.16 | Point spectroscopy. (a) STM topography over the edge of the GNF. The inset shows
an overview over the GNF. (b) Single point spectroscopy at the positions indicated in (a). The mea-
surement was performed directly after the dI/dV mapping in Figure 7.15 (c) with unchanged tip
configuration. Spectra were taken both on G/Au(111) and on pure Au(111) for Au hcp and Au fcc
sites. The onset of the Au surface state can be derived from the steep step at negative bias volt-
age leading to the values of E0,Au = -0.43 eV and E0,G/Au = -0.33 eV. Parameters for spectroscopy:
Vstab = 500 mV, Istab = 200 pA, Vmod = 4 mV, T= 10.3 K

the tip configuration effectively reduces the electrons from the Γ point.

Whereas spectroscopy with tip configurations of type 1 gives unreliable results in

dI/dV spectroscopy signifying a strong influence of the tip DOS, tip configuration 2

clearly shows features of the Au(111) surface. In Figure 7.16 dI/dV spectroscopy data

is shown which was performed with the tip configuration 2 subsequently after the dI/dV

mappings both on the pristine Au(111) surface and on the GNF on Au(111). The spec-

troscopy data on pure Au(111) exhibits two peaks around EF and around −0.4 eV, the

latter clearly marking the onset of the Au(111) surface state at E0,Au = −0.43 eV. As dis-

cussed in section 7.1 the presence of graphene on top of the Au(111) surface shifts the

surface state by 100 meV to a value of E0,G/Au =−0.33 eV.

Regarding the position of the Dirac cone, it is tempting to assign the minimum around

0.2 eV to the Dirac point since this is where the minimum of the V-shaped graphene DOS

would be expected based on the previous dispersion relation mappings, however a com-

parison of the spectra both on graphene and pure Au(111) shows similar behavior in both

spectra and thus indicates the spectra to contain predominantly Au features. This is com-

patible to the investigations by Altenburg et al. [142] discussed earlier, which propose a

negligible amount of tunneling electrons originating from graphene states for simple Γ-

point sensitive tip configurations without significant contribution in point spectroscopy.

7.3.1 Quasiparticle interferences connecting graphene states and the
Rashba-split Au(111) surface state

Returning to the FFTs of the dI/dV mappings in Figure 7.15 (b) and (d), further differ-

ences between the two tip configurations are found apart from the ring-like surface state
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scattering feature at the center of the FFT. Upon closer inspection, the magnifications of

the intervalley scattering discs at the Brillouin zone corners show two additional rings

around four of the six intervalley scattering discs in the case of graphene and Au sen-

sitive tip configurations. These additional ring-like features are observed frequently in

mappings. Another example for the observation of additional rings can be found in Fig-

ure 7.12 (b) for a flake with alternate rotation (R7°), however in this case the additional

features are smeared due to limited size of the mapping area on the investigated flake.

A clear separation is only visible for mapping areas in the 100×100 nm2 range, allowing

for sufficient k-resolution. Since these additional rings were absent in the mappings with

purely graphene sensitive tip configurations, we can expect the origin of these rings to be

connected to scattering processes involving the electronic states of Au [Figure 7.18 (a)].

The description of the experimentally observed scattering features will be developed in

the following section taking into account the combined CEC of graphene and the Au(111)

surface state.

Spin-orbit splitting of the Au(111) surface state

At this point it is necessary to take into account the Rashba splitting of the Au(111) sur-

face state [258, 259, 260, 168, 169], which leads to a separation of the CECs in two circles

with opposite spin rotation direction. The spin texture of the outer circle (red) rotates

counterclockwise, whereas the spin texture of the inner circle (green) rotates clockwise,

with the spin orientation aligned tangentially and in-plane with the circular CEC [Figure

7.17]. The formation of a Rashba split Au(111) surface state can be explained based on

the movement of the electrons in the gradient field of the surface potential, which acts as

a magnetic field in the rest frame of the moving electrons, thus causing a Zeeman split-

ting of the states [257]. As the splitting is enhanced by a heavy nucleus, the effect is easily

observable in Au(111) and extensively studied making Au(111) a perfect candidate for

E

k||

E0

2kSOC

(a)

2kSOC

kx

ky
(b)

2kSOC

Γ

Figure 7.17 | Schematic of the Rashba split Au(111) surface state. (a) Schematic representation
of the Rashba splitting of the Au(111) surface state according to equation 7.4. (b) Constant energy cut
above the crossing point of the parabolas visualizing the spin texture of Rashba split surface states.
For more information see [257].
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Figure 7.18 | Possible scattering processes between G and Au(111) surface states. (a)
Schematic representation of the transitions between one parabola of the Rashba split surface state
and the graphene states. Two scattering processes are pictured, one of them scattering into graphene
states below the Dirac point, the other one above the Dirac point. The reversal of the direction of
∇k E(~k) with respect to the K-point of graphene (cyan arrows) between energies above and blow
the Dirac point is depicted. (b) CEC (drawn with twice the real size for visual clarity) of graphene
(ED =0.24 eV) and Au(111) surface states (E0 = -0.3 eV, γ= 396 meV·Å) at an energy of -10 meV.
Some possible scattering processes are depicted. (c) Corresponding FT-LDOS. The experimentally
observed processes are pictured by full lines, whereas the unobservable processes are pictured by
dashed or dash-dotted lines. Reprinted (adapted) with permission from [256]. Copyright 2014 by the
American Physical Society. → Online.

the understanding of scattering processes between Rashba split Au states and graphene.

The Rashba splitting for simple (111) surface states can be modeled [261, 168, 169, 257]

by the following equation

E(k||) =
ħ2k2

||
2m∗ ±γ ∣∣k||

∣∣+E ′
0 =

ħ2

2m∗
(
k||±kSOC

)2 +E0 . (7.4)

A spin-orbit interaction strength ofγ= 396 meVÅ was found experimentally for the Au(111)

surface by Henk et al. [168] employing spin resolved photoelectron spectroscopy. This

corresponds to a splitting of the surface state parabolas in the k|| direction of 2kSOC =
2γ
ħ2 m∗ = 0.26 nm−1 for the effective mass of m∗ = 0.25me .

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.90.241406
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Scattering vectors within the combined constant energy contour of graphene and the

Au(111) surface state

In Figure 7.18 several scattering vectors within the combined CEC of G/Au(111) are de-

picted. The previously discussed intervalley transitions within the graphene states only

give rise to a single ring around every corner of the Brillouin zone in FT-LDOS. Revisit-

ing the Au surface state backscattering processes now with the Rashba splitting in mind,

one finds that only a single ring-like feature is expected in FT-LDOS at ~q = 0 and also

measured experimentally [262]. In principle, backscattering should be possible between

both Rashba-split CECs of Au eventually giving rise to three ring-like features in FT-LDOS

[Figures 7.18 (c), blue circle and red or green dash-dotted circle]. However, backscatter-

ing is suppressed between states with antiparallel spin orientation [263, 176, 171, 177]

and hence only transitions between one side of the outer CEC of Au (red) and the oppo-

site side of the inner CEC of Au (green) can occur. The Rashba splitting of the Au surface

state bands is therefore cancled out and no signature of the Rashba effect within the ring-

like surface state feature in FT-LDOS at ~q = 0 is visible [Figures 7.15 (d) and blue circle

in Figure 7.18 (c)]. The scattering vectors ~qAu,2-Au,1 = (~kAu,1 −~kAu,2) describe a circle of

radius qAu,2-Au,1 = kAu,1 +kAu,2 in FT-LDOS.

In addition to the scattering features within the isolated electronic subsystems of

graphene and the Au surface state, transitions between the two subsystems have to be

considered as well [Figure 7.18 (a-b)]. In principle the scattering vector ~q =~k f −~ki be-

tween graphene states at the K/K′-point and the Au(111) surface state at the Γ-point can

be expressed in the following form:

~qG-Au,1/2 = (
# –
ΓK+~kG)−~kAu,1/2 (7.5)

Here, the final state is the graphene state with ~k f = # –
ΓK+~kG and the initial state is the

Au state with ~ki =~kAu,1/2. As one can easily see, the complete set of scattering vectors

describes features around the K/K’ point. Depending on the relative orientation be-

tween ~kAu,1/2 and ~kG, the scattering vectors for the transition between the Au surface

state electrons and graphene lie in an area in FT-LDOS delimited by two circles with ra-

dius
∣∣∣~q±

G-Au,1/2 −
# –
ΓK

∣∣∣ = kAu,1/2 ±kG around K/K’ points [Figure 7.18 (c), solid and dashed

lines]. In the following, the ± in the scattering vectors ~q±
G-Au,1/2 denotes an antiparallel

(+) or parallel (−) alignment of~kAu,1/2 and~kG, respectively.

Note that for the case of scattering within graphene or within the Au surface state, the

relative orientation between initial and final k-vectors was antiparallel for backscatter-

ing. Further relative orientations were not observed, in particular the parallel configura-

tion would give rise to a scattering vector without relevance, i.e. in the case of graphene

a point at the BZ corner or in the case of Au a point at ~q = 0. The reason, why scattering

vectors between ~k-vectors with arbitrary angle will not appear in FT-LDOS is sketched

in section 3.3. In the case considered here, the relative orientation between the vec-
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tors kAu,1/2 and kG can be either parallel or antiparallel. For an answer to the question

whether scattering occurs between states at the K and theΓpoint with parallel or antipar-

allel k-vectors, the electron-like or hole-like character of the bands has to be considered

which is not included in simple CECs. As described in section 3.3, the antiparallel align-

ment of the group velocity~v =ħ−1∇~k E(~k) is the important condition for the observation

of scattering [175, 174, 177].

Joint density of states and stationary phase approximation

Before comparing the expected dispersion of G-Au scattering processes with the exper-

imental data in order to confirm the presented theory, the role of the group velocity,

i.e. the gradient ∇~k E(~k), shall be elucidated using joint density of states (JDOS) consid-

erations. JDOS calculations allow for a simple visualization of the FT-LDOS in order to

understand the position of scattering vectors. Especially the inclusion of trigonal warp-

ing in graphene for energies further away from the Dirac point renders the geometrical

description above too complicated. As outlined in section 3.3 and described by Simon

et al. [172], JDOS calculations allow for a precise analysis of QPIs because of their ability

to restore the participating features of the CEC situated at different areas of the Brillouin

zone. The JDOS is calculated based on the band structure of the two independent sub-

systems G and Au(111) using the formula

JDOS(~q ,E) =
Ï

E(~ki )=E(~k f )=E±∆E

δ(~q −~k f +~ki ± ~G)) d2~ki d2~k f . (7.6)

One can easily see that the JDOS counts the number of scattering vectors ~q for which

states with initial vector~ki and final vector~k f are found in a combined CEC within the

energy range E ±∆E which accounts for the effective energy resolution of the dI/dV

mapping due to temperature broadening and lock-in resolution (see section 3.2.2). The

CEC of graphene was calculated from the full tight binding solution with next-nearest

neighbor hopping according to equation 2.5 with parameters t = 3.5 eV and t ′ = −0.08t

which yields a graphene dispersion relation at the K-points matching the experimentally

observed Fermi-velocity of vF = 106 m/s. The graphene dispersion was shifted in energy

to meet a Dirac point offset of 0.235 eV above Fermi level. The CEC of the Au(111) surface

state was modeled using equation 7.4 with parameters E0,G/Au =−0.33 eV obtained from

STS in Figure 7.16 and m∗ = 0.25me from a parabolic fit with fixed E0,G/Au. The Rashba

splitting γ = 396 meVÅ was taken from the work of Henk et al. [168]. An energy interval

of ∆E = 20 meV was used to obtain features in the CEC which are larger than the k-pixel

pitch of the calculation.

Figure 7.19 (a) shows the CEC for the energy E = −10 meV true to scale. The JDOS

calculation according to equation 7.6 is shown in Figure 7.19 (b). The transitions in JDOS

are found around the center of the JDOS map and at the corners of the hexagon resem-
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(a)  CEC (b)   JDOS

(c)   JDOS SP +/- (d)   JDOS SP -

K‘K

K‘ K

K‘K

Γ

Figure 7.19 | JDOS calculations for scattering between graphene and Au(111) surface states.
(a) CEC of the graphene and Au surface states with Rashba splitting at an energy of -10 meV (true
to scale). (b) Calculated JDOS considering all scattering vectors. (c) JDOS with stationary phase
condition considering scattering between states with parallel and antiparallel gradient (SP +/-). (d)
JDOS with stationary phase condition allowing only for scattering between states with antiparallel
gradients (SP -).

bling the Brillouin zone in the CEC. At the center the features show a couple of sharp

cirular rings filled with strong intensity. Similar, the features at the corners of the BZ

resemble a filled disc coming from the intervalley scattering of graphene. Furthermore

the four additional rings from the graphene-Au scattering show filling with intensity be-

tween the largest and the smallest ring. Magnifications of the features at the corners of

the BZ are depicted in figure 7.20 (b) including the CEC of the initial and final states in (a)

for different energies of +150, +20, +10, −10, −150 meV. The filled intensity of the scat-

tering features arises from the simple JDOS calculation not taking into account the angle

between ~kAu and ~kG. As discussed in section 3.3, the experimentally observable oscil-

lations in FT-LDOS are dominated by those ~q vectors, which fulfill the stationary phase

condition. Other scattering vectors are not observed since their phases strongly oscillate

and the LDOS oscillations are suppressed by destructive interference. In Figure 7.19 (c)

and Figure 7.20 (c) the stationary phase condition is included in the JDOS calculation re-

stricting the ~q vectors to those with parallel or antiparallel gradients for initial and final
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Figure 7.20 | JDOS calculations for scattering between graphene and Au(111) surface states.
(a) CEC at the Γ and K-points for energies of 150, 20, 10, -10 and -150 meV. (b) Magnification of
the calculation for scattering involving graphene states considering all scattering vectors (JDOS all).
(c) Considering only transitions between states with parallel or antiparallel gradients (JDOS SP+/-).
(d) Considering only transitions between states with antiparallel gradients (JDOS SP-). (e) The color
coding shows the origin of the features assigned to transitions between the graphene and Au states.
Green corresponds to G-Au1 transitions, red to G-Au2 transitions and black to graphene intervalley
scattering. The dashed lines mark the JDOS SP+ transitions, which are not observed. The full lines
mark the JDOS SP- transitions.

~k-vectors (SP +/-):

∇~k E(~k)
∣∣∣
~k=~ki

=± ∇~k E(~k)
∣∣∣
~k=~k f

(7.7)

This coincides in the absence of trigonal warping, i.e. close to the Dirac point, with a

parallel/antiparallel alignment of ~kAu and ~kG. The JDOS with stationary phase (SP +/-)

yields circular features without filled intensity within the circles, which is closer to the

observations found in experiment in Figure 7.15 (e). However, the number of rings found

in experiment around the corner of the BZ amounts to three, whereas the JDOS SP +/-

predicts five rings, where the outer two rings are not observed in the experiment.

Obviously, the experimentally observed scattering is further restricted. The graphene

dispersion in the measured energy range (around −10 meV) is hole like, compared to the

Au surface state, which is electron like. This is a major difference between the other

scattering events observed in graphene and in pure Au(111), where the final and initial
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Figure 7.21 | Dispersion of graphene-Au scattering processes. (a) Magnifications of the top right
scattering contour (3.5×3.5 nm2) for bias voltages -10 mV, 10 mV and 20 mV. (b) Radial distribution
of intensity after an azimuthal integration around the center of the circle. (c) The dispersion of the
three ring-like features at the corners of the BZ and the Au surface state backscattering feature in
the FFT center. The dispersion for the original Rashba-split surface state E(kAu,1/2) (red and green
line) is calculated from the experimental Au surface state dispersion E(kAu) by shifting the parabolic
surface state to kAu,1/2 = kAu ±kSOC using a Rashba splitting of kSOC = 0.26 nm−1. The experimentally
observed (not observed) q-vectors for scattering between graphene and the Rashba split surface
state are indicated in full (dashed) red and green lines. Reprinted (adapted) with permission from
[256]. Copyright 2014 by the American Physical Society. → Online.

states both lie on equally dispersing energy contours. Following the considerations for

the solutions of the LDOS integral of Roth et al. [175] and Liu et al. [174], an influence of

the group velocity ~v = ħ−1∇~k E(~k) is found necessitating a sign change of the velocities

of initial and final states. Experimentally, the condition has been verified in the case of

the BiAg surface alloy [177], or for quasiparticle scattering between electron- and hole-

like contours in ErSi2 [172]. In Figure 7.19 (d) and Figure 7.20 (d) the stationary phase

condition is applied in its strongest form, restricting quasiparticle scattering to those ~q

vectors where the gradients are antiparallel, i.e. a reversal of group velocity occurs (JDOS

SP-). Now intensity is only observed on three circles around the corners of the BZ as in

experiment and on four circles around the center of the JDOS. Note that the suppression

of transitions between states with antiparallel spin or pseudospin is not reproduced by

the JDOS calculation, since the spin/pseudospin texture was not included in the calcu-

lation. Therefore the four circles in the center of the JDOS reduce to two experimentally

observed circles, one from intravalley scattering in graphene and the second from the

backscattering between the two Rashba split surface state parabolas.

Dispersion of graphene-Au scattering processes

In Figure 7.21 (a) magnifications of the experimental scattering features at the BZ cor-

ner are shown for three different bias voltages V = −10 meV, +10 meV and +20 meV.

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.90.241406
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The determination of the radius
∣∣∣~q − # –

ΓK
∣∣∣ was carried out after an azimuthal integration

of the FFT intensity around the center of the circles. The integrated intensity versus k-

vector plot is shown in Figure 7.21 (b). The curve yields three distinct peaks, which al-

low for a precise determination of the radii. In Figure 7.21 (c) the radii of the graphene,

graphene-Au and Au scattering vectors are plotted versus energy, with the q-value of the

features at the BZ corners shifted to the Γ point. The linear fit to the graphene interval-

ley scattering data points shows very high accuracy (graphene dispersion: ED = 0.235 eV,

vF = 1.13×106 m/s) and the obtained fit parameters correspond to the values obtained

before from the dataset in section 7.2.1 with larger energy range. The parabolic disper-

sion relation of the Au surface state obtained for this particular GNF is included in the

plot (E0,G/Au = −0.33 eV from STS in Figure 7.16 and m∗
G/Au = 0.25 me from a parabolic

fit with fixed E0,G/Au). Assuming a splitting of the Au surface state bands of 2kSOC =
0.26 nm−1 based on the dispersion of the Au surface state band and the Rashba parame-

ter in [168], the real spin split Au(111) dispersion relation can be obtained (dash-dotted

lines in Figure 7.21 (c)). Using the relation 7.5, we can now calculate the position of the G-

Au scattering discs for both the parallel and antiparallel orientation between~kAu and~kG.

The experimentally obtained ~q-vectors for the G-Au scattering are now found directly at

the calculated positions of the ~q−
G-Au,1/2 vectors, perfectly reproducing the position and

the dispersion of the expected relationship deduced from the known Rashba-splitting

strength of Au(111). Interestingly, the ~q+
G-Au,1/2 scattering is not observed experimentally

as predicted. Note that a description of the scattering vectors without Rashba splitting

would lead to only two scattering circles if the sign of group velocity is ignored, however

the position of the experimental data points could not be described without the Rashba-

splitting. This can be seen clearly from the dispersion of the ~q+
G-Au,1/2 and ~q−

G-Au,1/2 scat-

tering vectors, which is different in slope compared to the experimental data points.

In the case of unknown Rashba splitting, the separation between the two circles de-

scribed by ~q−
G-Au,1/2 allows to calculate the Rashba splitting:

∆q =
∣∣∣~q−

G-Au,2 −~q−
G-Au,1

∣∣∣ (7.8)

= [
kAu,2 −kG

]− [
kAu,1 −kG

]
(7.9)

= 2kSOC (7.10)

The difference in radius of the two circles is therefore linked with the physical spin orbit

splitting and allows for an easy determination of Rashba interaction. A direct determi-

nation using STM has been reported for systems with additional interband scattering

to non spin-polarized branches of the surface state [264], however this approach is not

well suited for the Au(111) surface since no non spin-polarized bands are present, which

would allow for such and interband scattering.
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Figure 7.22 | Schematic representation of extrinsic spin orbit coupling in graphene. (a)
Schematic of the Rashba split Dirac cone at the K-point. The colors indicate the sense of rota-
tion of the spin texture. (b) Constant energy cut visualizing the spin texture of one Rashba split
graphene cone at the K-point. The sense of rotation of the electron spin is identical for K and K’
points. Schematic following theoretical calculations in [265].

7.3.2 Detecting a possible giant Rashba splitting induced in graphene

In the previous discussion a possible spin texture of graphene [265, 266] due to spin or-

bit coupling was neglected. The intrinsic spin-orbit coupling in graphene is very small

because of the absence of heavy nuclei that increase the spin-orbit interaction strength.

The values for the band gap opening in graphene due to spin-orbit coupling are below

50 µeV [267, 268, 269]. In the case of G/Au it was found that a much larger Rashba-type

extrinsic spin-orbit coupling of ∼13 meV is induced in graphene by the Au atoms [39].

The splitting was reported to increase significantly up to ∼100 meV for a G/Au with re-

duced graphene-Au distance [270].

The Rashba split Dirac cone is shown in [Figure 7.22 (a)]. The spin of the Rashba split

cone in graphene is orientated perpendicular to the momentum ~kG [266] as sketched

in Figure 7.22 (b) similar to the Rashba split Au surface state, where the spin is aligned

perpendicular to~kAu. The spin polarization is independent of valley [265], but the sense

of rotation in graphene is reversed compared to Au(111) according to a comparison of

the works by Hoesch et al. [169] and Rashba et al. [265]. Thus, in the case of graphene

intervalley scattering the necessary spin conservation allows only transitions connect-

ing the outer ring at the K point with the inner ring at the K’ point [Figure 7.23, black

arrows]. Unfortunately, this also implies a loss of the Rashba split signature in FT-LDOS

for intervalley scattering. In the case of graphene-Au transitions, the spin orientations

of G and Au are both locked perpendicular to their respective ~k-vectors and scattering

will again only be possible between the circular CECs with comparable sense of rotation.

Hence, no additional scattering features are expected from the additional splitting of the

graphene cone. However the radius of the expected features in FT-LDOS contains a small
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Figure 7.23 | Possible scattering processes between Rashba split G and Au(111) surface
states taking into account spin texture. (a) Scattering can only take place for transitions between
states on circular CECs with comparable sense of spin rotation. (b) FT-DOS of the sketched CEC
in (a). Transitions to non-Rashba split graphene cones are depicted in grey dashed lines. Here, the
radius of the graphene CEC is chosen larger for visual clarity, corresponding to an energy further away
from the Dirac point. As a result, the sequence of graphene intervalley (black) and G-Au scattering
features (red, green) is reversed in FT-LDOS.

additional contribution of ±kSOC,G compared to graphene without Rashba splitting:∣∣∣~q−
G-Au,1/2 −

# –
ΓK

∣∣∣= kAu,1/2 −kG ±kSOC,G (7.11)

The + in the equation corresponds to the transition originating from the outer Au CEC,

whereas the − corresponds to the transition originationg from the inner Au CEC. There-

fore, given the different sense of rotation of the Au(111) surface state spin texture and

graphene spin texture, an increase in the separation of the two G-Au scattering rings is

expected. The separation can be quantified to

∆q =
∣∣∣~q−

G-Au,2 −~q−
G-Au,1

∣∣∣ (7.12)

= [
kAu,2 − (kG −kSOC,G)

]− [
kAu,1 − (kG +kSOC,G)

]
(7.13)

= 2kSOC,Au +2kSOC,G . (7.14)

However, in the case of a small extrinsic Rashba splitting of ∆ESOC,G = 10 meV the radii

of the scattering features will remain virtually unchanged, since the deviation from non-

Rashba-split graphene is small on the order of 2kSOC,G = ∆ESOC,G/ħvF = 0.015 nm−1 in

comparison to the splitting of G-Au scattering features of 2kSOC,Au = 0.26 nm−1. Never-

theless, a giant Rashba splitting of 100 meV as reported in [270] can be ruled out for this

particular graphene/Au system, since that would correspond 2kSOC,G being of the same

magnitude as 2kSOC,Au.
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Conclusion

In conclusion, the experiments showed that weakly interacting graphene layers allow

for a local measurement of the Rashba splitting of the Au(111) surface state. The cen-

tral ingredient is the graphene, which acts as an additional channel for scattering and

overcomes the impeded scattering between orthogonal spin states on the Au(111) CEC.

Giving access to the full CEC of spin polarized surface states on the local scale, this mea-

surement can have important implications for the investigation of more complex spin

polarized states in new materials such as topological insulators.

The additional scattering channel due to graphene furthermore allows for a local

determination of Rashba-split graphene cones in the case of sufficiently large induced

Rashba splittings, which are invisible in pure graphene intervalley scattering due to the

conservation of spin. A sufficiently large induced Rashba splitting of graphene might ex-

ist for graphene covering a number of materials exhibiting the giant Rashba effect such as

BiAg [235] and PbAg [236] surface alloys. The preparation of such samples appears to be

possible by intercalation as described in chapter 6 using two independent intercalation

steps for Ag and subsequently Bi or Pb.
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8 | The signature of confined graphene
electrons in elongated flakes

Confinement has been a topic of ongoing interest. After the invention of the STM, con-

finement of surface states on metal surfaces were intensively studied due to the long

coherence length in two dimensions [271, 243]. Later, GNFs with size in the nanometer

range came into focus for the confinement studies and were expected to exhibit new ef-

fects owing to their linear band structure and other resulting properties. Reducing the

width of graphene structures for instance in AGNRs leads to the opening of a band gap

[22] which is so vital for graphene electronics. In zigzag terminated graphene ribbons or

flakes on the other hand, edge states are predicted with possible edge magnetism [20, 23].

Indeed, graphene appears to be an extremely well suited candidate for the study of con-

finement effects in two-dimensional electron gases by STM [272], which compared to

two-dimensional electron gases in semiconductor heterostructures consists of only one

monolayer and thus purely out of surface well accessible for STM.

Confinement effects in graphene quantum dots on Ir(111) have been reported [136,

140, 141, 142], albeit controversial, whether confined two-dimensional surface states or

confined graphene electrons were measured. Later, more reliable data showing confine-

ment in the graphene quantum dots have been presented after the intercalation of oxy-

gen, which suppresses the surface state and hence rules out the possibility of confined

surface state electrons [273]. However a strong residual interaction of the graphene edges

with the substrate remains and changes the confined wave functions due to the opening

of a band gap at the edge, referred to as soft confinement [136]. Standing wave pat-

terns calculated for GNFs with soft confinement in tight binding formalism exhibit di-

verse results compared to GNFs with freestanding atomically sharp edges [136]. The ex-

periments on GNFs on Ir(111) were performed in the regime of strong confinement in

rather small and symmetrically shaped GNFs with diameter smaller 10 nm, where stand-

ing wave patterns in real space can be clearly seen and analyzed by comparison with

calculations [136, 140, 141, 142, 273].

In this section, dI/dV mappings on flakes with minimum dimensions of at least

50 nm are presented which allow for an observation of confinement features in recip-

rocal space. A mapping area of at least 50× 50 nm2 is necessary for the measurement

method to give sufficient k-resolution. The measurements showed clear footprints of

141
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confinement in the intervalley and intravalley scattering features in FT-LDOS in accor-

dance with theoretical investigations of infinite graphene nanoribbons of 50 nm in width

[272].

8.1 Large graphene flakes

Effects of pseudospin

While in the previous section the scattering vectors were used to distinguish between

the involved quasiparticle states after comparison with JDOS calculations, additional in-

formation can be extracted from the intensity variation of the scattering features in FT-

LDOS maps beyond the simplified JDOS approximation, possibly giving answers to the

question how freestanding graphene on Au(111) really is and how the Dirac electrons of

graphene are affected by substrate interactions. In quasi-freestanding graphene on SiC,

experiments showed that the pseudospin and resulting quasiparticle chirality of mono-

layer graphene is conserved despite the supporting substrate [77, 72] affecting mainly

two characteristic features of the FT-LDOS:

First, the quasiparticle chirality in graphene induces a pseudospin texture, where the

pseudospin direction is locked perpendicular to the CEC around the K and K’ points

[Figure 8.1 (a)]. As a consequence of this pseudospin texture, the intravalley backscat-

tering processes are suppressed, since they would involve a pseudospin flip [Figure 8.1

(b)] [77, 72]. Note that a closer inspection shows that the intravalley scattering feature in

the FT-LDOS will not vanish completely, but show a contour-less filled spot in contrast

to bilayer graphene where the intravalley backscattering is not suppressed and leads to

a ring-like contour [274, 174]. This is connected to the real space decay of Friedel oscil-

lations from intravalley scattering in graphene proportional to 1/r 2 which gives rise only

to a filled circle in Fourier transforms. In contrast, an 1/r decay in real space gives rise to

(a)  CEC (b)  FT-LDOS

K

K‘

qintra

qinter

Figure 8.1 | Schematic representation of quasiparticle scattering including pseudospin in
graphene. (a) CEC of graphene. Intervalley (red) and intravalley (orange) scattering processes
are depicted including the pseudospin orientation (grey arrows). (b) Schematic of the FT-LDOS of
monolayer graphene including pseudospin: intravalley backscattering is suppressed around ~q = 0 and
intervalley scattering features show an azimuthal variation of the intensity distribution. After [72].
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Figure 8.2 | Intensity distribution of intravalley and intervalley scattering features in
G/Au(111). (a) Experimental FT-LDOS of a large GNF. (b) Magnifications show the intervalley scat-
tering (upper three) and the intravalley scattering (bottom), 2×2 nm-2. Scanning parameters of the
dI/dV mapping: 88×88 nm2, V = -20 mV, I = 1.0 nA, Vmod = 4 mV, T = 10 K; real space mapping
depicted in Figure 7.15.

a ring-like contour in Fourier transforms.

Second, in monolayer graphene an azimuthal variation of the intensity on the circu-

lar intervalley scattering ring [77, 274, 72] as sketched in Figure 8.1 (b) is expected. Note

that for intervalley scattering Friedel oscillations decay with 1/r in graphene unlike for

intravalley and indeed a ring-like contour is expected with anisotropic intensity distri-

bution.

In Figure 8.2 (a) the FT-LDOS of a large GNF (dimensions larger than 450×100 nm2

to minimize the effect of the edges) is depicted, including the magnifications of the in-

tervalley and intravalley scattering features. The azimuthal variation of the intensity on

the circular intervalley scattering ring with nodes in the direction perpendicular to
# –
ΓK

is similar to measurements on monolayer graphene on SiC(0001) [72] and matches the

theoretical predictions performed by taking into account pseudospin [274]. On the other

hand, we find a circular ring-like contour with (slightly) filled intensity around the ~q = 0

position, which is expected to be suppressed if the pseudospin of graphene is considered

[77, 72]. Hence, at first glance the observation of intravalley scattering could be inter-

preted as a sign of sublattice symmetry breaking with the loss of monolayer graphene

properties, whereas the nodes in intervalley scattering rings clearly hint at the unper-

turbed graphene character.

The intravalley feature can be restored upon breaking of the equivalence of A and

B sublattices of graphene possibly due to the supporting layer as in the case of bilayer

graphene. In the latter case, the pseudospin is no longer locked parallel/antiparallel

to ~kG [274, 72] and intravalley backscattering is no longer prohibited. However, in the
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case of bilayer graphene not only the intravalley backscattering at ~q = 0 is restored, but

also the intensity distribution on intervalley scattering rings becomes rotationally invari-

ant. Recent theoretical calculations performed on monolayer graphene show that a more

elaborate discussion is necessary to understand the presence of intravalley backscatter-

ing. In that respect the scattering potential appears to play an important role. Pereg-

Barnea and coworkers [275] analyzed the contributions to the FT-LDOS distinguishing

between different types of scattering potentials. Whereas smooth potentials will not mix

the wave functions of the two valleys, atomic length scale defect potentials will. In the

case of a smooth potential with respect to the atomic length scale indeed only a filled

circle of low intensity at ~q = 0 is found signifying the suppressed 1/r contribution to

Friedel oscillations and leading to a contour-less backscattering feature around ~q = 0. In

the case of atomically sharp scattering potentials the restoration of intravalley backscat-

tering features occurs, which were beforehand suppressed due to the pseudospin tex-

ture. Moreover, edges of graphene also represent atomic scale scattering centers and

indeed calculations on graphene nanoribbons show that this can also lead to intravalley

backscattering features in perfect graphene monolayers [272].

In the present experiment, the herringbone reconstruction and the moiré can be

considered as a smooth potential, in contrast to defects from substituted atoms or ro-

tational grain boundaries commonly observed in the samples, which can be considered

as atomically sharp impurities. In the GNFs prepared here, defect densities in the range

of less than 10 per 100×100 nm2 are found [compare Figure 7.14 (b)]. Most of the defects

are rotational grain boundaries of the Flower defect type. Despite the very low defect

density on our GNFs, their contribution to intravalley scattering cannot be excluded.

Overall, the origin of the observed intravalley feature cannot be connected unam-

biguously to a single mechanism responsible for restoring the intravalley backscatter-

ing. Both a breaking of sublattice symmetry from the metal substrate as well as scatter-

ing at defects has to be considered. Furthermore atomically sharp scattering occurs at

graphene edges and even for flakes greater 450× 150 nm2 in size, the influence of the

edges appears to be not negligible. The following part of the work will be devoted to the

influence of the edges and confinement achieved by reducing the size of the GNFs.

8.2 Confinement in elongated graphene flakes

In order to study the influence of confinement in the GNFs, smaller GNFs are prepared

and analyzed using QPI mappings. Since especially atomic scale scatterers are of impor-

tance in graphene, a thorough investigation of the atomic configuration at the graphene

edges has been performed.
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Figure 8.3 | Edges of an elongated GNF. (a) STM overview of the GNF with length of 330 nm
and maximum width of approximately 90 nm. (b) Atomically resolved STM topography of the left
edge. (c) Atomically resolved STM topography of the right edge. Scan parameters: (b,c) 42×10 nm2,
V= -50 mV, I= 1.0 nA.

Atomic configuration of edges

The investigated GNF is depicted in Figure 8.3 (a). The length is 330 nm and a maximum

width of 90 nm is measured halfway between the long ends. The edge configurations of

both sides of the flake differ due to the initial graphene growth on the Ir(111) substrate,

where only one side is connected to a substrate step [compare Figure 6.4 (a)]. After de-

coupling by Au intercalation both flake edges become floating on top of the Au(111) sub-

strate [Figure 8.3 (a)], however no signs of changes to the atomic configuration due to in-

tercalation are found. The flake exhibits a rather smooth shape on the left side, whereas

a less straight edge is found on the right side.

In Figure 8.3 (b-c) atomically resolved magnifications of edge segments to the left and

right side of the flake are depicted. Increased intensity is found at the edges of both flake

sides along with prominent LDOS modulations, modifying the honeycomb appearance

of graphene several nanometers far into the flake interior. The decay length of the mod-

ulations shows strong dependence on the precise geometry of the edge. The patterns

near the edges resemble characteristic LDOS modulations which have been observed for

graphite and graphene systems and can be explained by backscattering of electron wave

functions at atomic defects [55] — in this case at the edges of graphene. According to the

DFT calculations presented in chapter 6.2.2, good agreement between the STM image

and the simulation is found for a single H-terminated graphene edge without consid-

eration of the Au(111) substrate. The strong dependence of interference patterns from

the precise atomic edge configuration suggests the absence of a soft confinement due to

residual graphene-metal interactions. Such a soft confinement would suppress the large

LDOS at the edges [compare supplemental material in reference [136]]. The atomic res-

olution allows for a mostly unambiguous determination of atomic edge configurations

as shown within the magnifications of two areas on each side of the flake. Atomic re-



146 8 The signature of confined graphene electrons in elongated flakes

Figure 8.4 | Confinement effects of graphene
electrons in elongated flakes. dI/dV mapping on
an elongated GNF. The mapping features long wave-
length oscillations, subtle modulations to the atomic
and (

p
3×p

3)R30◦ lattice and faint remainders from
the herringbone reconstruction and graphene moiré.
Scanning parameters: 67 × 114 nm2, V = -20 mV,
I= 1.0 nA, Vmod = 3 mV, T= 10 K. 10 nm

dI/dV
-20 mV

(a) (a)

ac
zz

90 nm

construction reveals an alignment of the long flake axis roughly parallel to the armchair

(ac) direction and a predominant termination with zigzag (zz) edges for both sides of the

flake. However, while the left side of the flake [Figure 8.3 (b), left magnification] exhibits

zigzag segments of up to ten graphene rings separated by 60° kinks, the right side of the

flake features extended zigzag edges running in one direction for several ten nanome-

ters [Figure 8.3 (c), left magnification]. Occasionally small armchair segments [Figure 8.3

(b+c), right magnification] are found within the predominantly zigzag terminated edges

on both sides of the flake.

The kinks in the atomic configuration of the edges on the left side explain why the

overall shape of the GNF is more smooth on the large scale, despite being rougher on

the atomic level. Contrary, the right edge forms very long zigzag elements, which do not

allow to form a smooth edge on larger scale, at least for a flake where the overall long axis

does not point in zigzag direction. Thus it is worth stressing that an armchair alignment

of the flake still features predominantly zigzag terminated edges.

Confinement in real space and additional features in FT-LDOS

In Figure 8.4 the dI/dV mapping on the narrow GNF is depicted. The dI/dV mapping

was performed at a bias voltage of −20 mV, which ensures sufficient signal to noise ra-

tio. The mapping features long, parallel stripes running under an angle of 60° and orig-

inate from the herringbone reconstruction. Long wavelength intensity oscillations are

visible suggesting a chaotic rather than well ordered standing wave pattern. The mag-

nification in the lower right corner shows modulations of the atomic lattice and the
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Figure 8.5 | Additional fine structure in intervalley scattering for elongated flakes with reduced
size. (a) Experimental FT-LDOS of an elongated GNF. The dashed white hexagon resembles the
Brillouin zone of graphene. The inset reproduces the shape, size and orientation of the flake. The long
axis of the flake is aligned roughly parallel to the armchair (ac) direction. (b-c) Magnifications show
the intervalley scattering (upper three) and the intravalley scattering (bottom) for the energies -10 meV
and -20 meV, 2×2 nm-2. (d) Schematic representation of the observed features without considering
intensity variations. Scanning parameters of the dI/dV mappings: (b) 55×55 nm2, V = -10 mV,
I= 1.0 nA, Vmod = 3 mV, T= 10 K; (c) 63×63 nm2, V= -20 mV, I= 1.0 nA, Vmod = 3 mV, T= 10 K; real
space mapping depicted in Figure 8.4.

(
p

3×p
3)R30° superstructure indicative of intervalley QPIs. Apart from the faint her-

ringbone reconstruction, the mapping is very similar to the mapping on a large flake

presented in Figure 7.15 (a) and no regular standing waves pattern due to confinement

is recognizable with bare eye, not even a prominent backscattering pattern at the edges

of the flake [Figure 8.4, top left corner].

In Figure 8.5 (a) the FFT of the dI/dV mapping is displayed. The measurement shows

mainly circular scattering features from graphene: intervalley scattering at the corners of

the Brillouin zone (white dashed hexagon), intravalley scattering at the FFT center and

around the reciprocal lattice of graphene as well as further higher-order scattering discs.

The tip configuration appears to be insensitive to the Au surface state scattering, as no

such circular feature is found around the FFT center [compare section 7.3]. Additional

point-like features stem from the superstructure of the herringbone reconstruction and

the moiré. Magnifications of the intervalley scattering (corners of the BZ) and intraval-

ley scattering (FFT center) for two bias voltages −10 meV and −20 meV are depicted in

Figure 8.5 (b-c). The appearance of the intervalley scattering deviates from the expected

behavior of infinite quasi-freestanding graphene, where a ring-like contour with inten-

sity modulation is expected. Instead, the measurement shows a ring-like feature with

considerable intensity inside the ring.

The comparison with the FT-LDOS of the larger, previously studied flake in Figure
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Figure 8.6 | Confinement in elongated flake in zigzag orientation. (a) Experimental FT-LDOS
of a narrow GNF with overall long flake axis parallel to the zigzag (zz) direction. The flake is partly
stacked on top of a second GNF. The topography of the flake is depicted in Figure 7.11. The inset
shows the flake shape (grey) and the region with the stacking (red). (b) Magnifications show the
intervalley scattering (upper three) and the intravalley scattering (bottom) at an energy of -10 meV
(2×2 nm-2). (c) Schematic representation of the observed features without considering intensity
variations. Scanning parameters of the dI/dV mapping: 43.5×43.5 nm2, V = -10 mV, I = 1.0 nA,
Vmod = 3 mV, T= 9 K.

8.2, where features inside the intervalley scattering ring are not pronounced, suggests

that the reduced size of this particular flake is reflected in the subtle additional substruc-

ture within the intervalley scattering rings. A closer examination of the additional inten-

sity in Figure 8.5 (b-c) reveals that the inner structure in the case of the reflexes at the top

left and bottom left corner of the BZ is located on a line through the center of the scat-

tering disc. The alignment of this line reflects the direction of the long axis of the GNF in

real space. A schematic representation of the feature neglecting the intensity variation is

depicted in Figure 8.5 (d). Note that features at two opposite corners of the BZ are point

symmetric.

The additional substructure in intervalley scattering and especially their orientational

coincidence with the long flake axis are strong indications for the reduced flake size being

the physical origin. In order to prove that the obtained features can be accounted to con-

finement, a comparison with the FT-LDOS of a long GNF is performed, where the long

axis is parallel to the zigzag direction. Therefore the flake is cut from a graphene mesh

rotated by 90° compared to the flake in Figure 8.5 allowing for an exclusion of directional

features connected to the orientation of the graphene lattice. The flake shape is depicted

in the inset in Figure 8.6 (a) including the orientation of the crystallographic zigzag di-

rection. The FFT of the dI/dV map in Figure 8.6 (a) again shows additional scattering

inside the intervalley rings. Again the additional scattering features show directional de-

pendence on the long axis of the GNF. Magnifications and a schematic representation
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are depicted in Figure 8.6 (b-c).

In both studied flakes [Figure 8.5 and Figure 8.6] the region at the center of the FFT

shows considerable intensity. While the additional diffuse intensity distribution around

the center of the FFT suggests a considerable amount of intravalley scattering, the pre-

cise shape of the reflex is hard to resolve. This is due to spots from the Herringbone

reconstruction and the moiré overlapping with the region, where intravalley scattering is

expected.

8.2.1 Description of the quasiparticle interferences based on confinement
in graphene ribbons

Narrow semiconducting AGNRs feel an extensive impact of the confinement in the form

of growing band gaps for reduced widths [42]. In particular semiconducting AGNRs with

width of ∼1 nm give rise to band gaps in the eV range, which have been detected in lo-

cal STS measurements and ARPES investigations [240]. On the other hand AGNRs with

increasing width display shrinking band gaps which become hard to resolve in STS and

the impact of confinement is more subtle. However due to the larger number of bands

in AGNRs with increasing width additional information can be extracted from scattering

between the bands of the ribbons.

Theoretical investigations by Bergvall and Löfwander [272] on the impact of con-

finement in wide graphene ribbons show similar additional inner structure within the

graphene scattering circles as in the experiments presented above. In the latter work the

additional scattering due to confinement is studied analytically for metallic AGNRs in the

first step and subsequently extended to more realistic ribbons of approximately 50 nm in

width using tight binding calculations. Both metallic and semiconducting AGNRs as well

as ZGNRs with more realistic rough edges were studied theoretically all leading to addi-

tional features in FT-LDOS.

In order to understand the origin of the additional scattering vectors we will for a mo-

ment assume our elongated GNFs with armchair alignment are infinitely long metallic

armchair graphene ribbons. The band structure of AGNRs was discussed in section 2.2.1

and can be constructed by simple slicing of the infinite graphene band structure along

the Γ–M-direction. For metallic AGNRs the slices cut directly at the K-point giving rise to

a metallic band, whereas in semiconducting AGNRs the slices do not cut directly at the

K-point leading to the formation of a band gap.

In general, confinement of a two-dimensional electron gas in a ribbon of width W

leads to a quantization of the transverse wavevector kx → kn = nπ/W , with x corre-

sponding to the confined direction. The wave function can be written as:

ψn(~r ) = e i ky y ·
√

2

W
sin(kn x) . (8.1)

For metallic AGNRs a similar description is possible close to the Dirac point using the
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Figure 8.7 | Schematic construction of the intervalley scattering features with transverse con-
finement in a metallic AGNR. (a) Real space confinement. (b) CEC and (c) schematic construction
of the FT-LDOS. Due to the transverse confinement the kx = nπ/W −Kd x is quantized giving rise to
additional scattering vectors ~q (light red arrows) as compared to infinite graphene, where the vectors
~kG and ~k ′

G have to be antiparallel (bold red arrow).

linear band approximation, however the situation is a bit more complicated due to the

peculiar band structure of the bipartite lattice. Confinement in x-direction of a metallic

AGNR leads to quantization of

kx → kdn = nπ/W −Kd x , (8.2)

with n = 1,2,3, ... and d denoting the valley [272]. The wave function spinor for graphene

still shows the term sin(Nπx/W ) in x-direction known from the 2DEG case multiplied

by a longitudinal wave function component ψA/B
dn (y), where A/B denotes the sublattice

[272]:

~ψdn(~r ) =
(
ψA

dn(y)

ψB
dn(y)

)
·
√

1

W
sin

(nπ

W
x
)

(8.3)

Thus, the allowed states for the metallic AGNR [Figure 8.7 (a)] with infinite length in y

direction and width W in x direction exhibit a quantization in kx [Figure 8.7 (b)] . More

precisely, they are located on the intersections of the rods in ky direction with the circular

CEC of graphene at positions kdn = nπ/W −Kd x . The maximum n depends on the width

of the ribbon and energy:

nmax = k(E)

π
W (8.4)

In monolayer graphene, elastic quasiparticle scattering is observed only for scatter-

ing vectors connecting two points on the CEC while obeying the relation~kG =−~k ′
G (com-

pare sections 3.3.3 and 7.3.1). In a ribbon, additional scattering vectors are observed in

the presence of defects due to the confinement connecting two points on the circular

CEC with initial values kdn = nπ/W −Kd x and final k ′
d ′m = mπ/W −Kd ′x [272]. The con-
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(a) (b) (c) 

Figure 8.8 | Comparison of experimental features with geometrical construction for a
graphene nanoribbon. (a-c) Magnifications of the three different scattering features at the cor-
ners of the hexagon from Figure 8.5 (b) are shown with superposed construction of FT-LDOS for a
graphene nanoribbon with nmax=9.

struction of possible scattering vectors is conducted in Figure 8.7 (b-c). Note that the mo-

mentum in ky direction (along the translational axis of the ribbon) has to change direc-

tion with respect to the K-point similar to allowed scattering vectors in infinite graphene,

i.e. kGy /|kGy | = −k ′
Gy /|k ′

Gy |. A rigorous analytical derivation of allowed scattering vectors

shows that selection rules can lead to the suppression of single points in the FT-LDOS for

particular placements of the defects [272].

In the case of metallic AGNRs this construction gives identical features for all corners

of the BZ. For semiconducting AGNRs the construction can be performed in a similar

way, however due the asymmetric slicing of the graphene bands with respect to the K-

point, the mirror symmetry along ky of the single scattering features in FT-LDOS with

respect to the center of the feature is lost [272]. Furthermore the FT-LDOS patterns con-

structed as described above give only the position of scattering vectors without making

any prediction of the intensity of the features. While the position is reproduced by more

elaborate T-matrix calculations [272], such calculations show an intensity variation of

single scattering vectors within the features. The existence of two graphene sublattices,

the precise scattering potential of defects and the edge configuration all significantly in-

fluence the intensity distribution within the scattering features [272].

In Figure 8.8 the features inside the experimental intervalley scattering ring observed

in the elongated GNF in Figure 8.5 are compared to the principal features arising from

the additional scattering in a metallic AGNR with nmax = 9 . This is the number of bands

expected for a ribbon with width of 90 nm similar to the width of our elongated flake and

a bias voltage of −10 mV resulting in a k = 0.33 nm−1. Most prominent features inside the

intervalley scattering ring are increased intensity at the top and bottom part of the ring,

separated by two oval windows where no ~q vectors end. The regions of increased inten-

sity at the top and bottom are connected by a narrow line of modes. The whole feature

is symmetric with respect to this line. The comparison with the experimental elongated

GNF gives good agreement for intervalley scattering rings in Figure 8.8 (a,c). Here, the

experiment clearly shows vanishing intensity in the oval windows in combination with a

correct alignment of the symmetry axis. Deviations found can be accounted to the lack
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of perfect ribbon shape and the lack of true translational symmetry, i.e. the influence of

the edges at the long end of the flake. Regarding the intensities of all three intervalley

rings, the experiment shows strongest intensity of the intervalley ring inside the hexagon

resembling the first Brillouin zone. This behavior corresponds to the findings in the work

of Bergvall and Löfwander [272] and in conjunction with the good prediction of symme-

try and orientation of the features in FT-LDOS it convincingly shows that the model of a

graphene nanoribbon applies well to GNFs with aspect ratios of roughly 1:4 in first order.

The good agreement between theory and experiment in both experimentally shown

flakes convincingly proves that graphene electrons indeed become confined by the fi-

nite size of the GNFs. The confinement cannot be seen in real space domain, since the

changes in the modulations of standing waves are very subtle and therefore confinement

effects appear only after Fourier transformation.

8.2.2 Increasing the number of propagating modes: Confinement in
n-doped graphene flakes on Ag(111)

In principle, the confinement features observed in the intervalley and intravalley scatter-

ing discs should carry information about the edge structure (straight or rough and orien-

tation) implicitly in the intensity distribution of the inner structure [272]. The small size

of scattering features in G/Au inhibits a more precise analysis. An increased k-resolution

could be achieved using larger mapping areas, since the point spacing in k-space scales

with kmin = 2π/L, L being the real space dimension. However the presented mappings

were already acquired across the entire width of the flake, such that an increased res-

olution would necessitate increased ribbon widths. Larger widths would certainly in-

crease the number of propagating modes and give a more smooth appearance of the

inner structure, however the finite coherence length of electrons would decrease the in-

tensity of confinement features increasingly.

Alternatively an enhanced access to the inner structure should be obtained for ener-

gies far away from the Fermi level, where the size of the constant energy cut is increased.

Unfortunately the investigation of confinement features within intervalley scattering is

only possible in the case of the G/Au system for small bias voltages, i.e. ±20 meV due to

signal to noise ratio limitations connected to the necessary atomic resolution in dI/dV

mappings. Instead, a viable way to larger CECs is presented in the following using in-

creased doping of graphene on different metal surfaces. In particular, the graphene on

Ag(111) system is chosen here, due to a strong doping [126] and sufficient decoupling

of graphene from the noble metal surface. The preparation of the G/Ag(111) samples

follows the same intercalation procedure than for G/Au(111) samples [section 6.4].

The charge transfer from the Ag substrate is larger than in the case of Au and thus the

Dirac cone is found around −560 meV, i.e. n-doped with a small opening of a band gap

reported from ARPES experiments [126]. The band gap is not relevant to the investiga-

tions here, since elastic scattering at an energy far away from the charge neutrality point
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Figure 8.9 | Standing waves in G/Ag(111). dI/dV
mapping on an elongated GNF. The mapping fea-
tures long wavelength oscillations, subtle modula-
tions to the atomic and (

p
3×p

3)R30◦ lattice and
faint moiré superstructure. Experiments in collab-
oration with J. Tesch and F. Blumenschein. Scan-
ning parameters: 54×54 nm2, V= -10 mV, I= 0.8 nA,
Vmod = 3 mV, T= 10 K. 10 nm

dI/dV
-10 mV

(a)

ac

75 nm

is investigated. The graphene on Ag(111) system was found to be quasi-freestanding

similar to the graphene on Au(111) and the edges were found to exhibit similar LDOS

modulations. Hence, H-terminated edges without significant edge-metal bonding can

be assumed. An example for a dI/dV mapping on a long GNF on Ag(111) is depicted in

Figure 8.9 at a bias voltage of 10 mV. The absence of a surface state around EF due to

the 150 meV upwards shifted surface state in G/Ag(111) from the presence of graphene

[276] allows for the unambiguous association of LDOS oscillations to graphene standing

waves superposed by a clearly visible moiré superstructure.

The FFT of the mapping in Figure 8.10 (a) reveals intervalley scattering (corners of

dashed hexagon) and intravalley scattering (center of FFT) including several higher order

features. Due to the charge transfer, scattering features are larger in size and show trig-

onal warping. The moiré gives rise to faint cone replica visible around the center of the

FFT and around the top left intervalley scattering feature. The magnifications of the in-

tervalley and intravalley scattering are depicted in Figure 8.10 (b) and for a separate flake

in (c). In both cases additional inner structure is found similar to the case of G/Au(111).

The orientation of the confinement related inner structure corresponds roughly to the

real space alignment of the edges, however the increased number of propagating modes

allows for the observation of more details. The features now resemble a fan, nicely re-

producing the two dark windows to either side of the symmetry axis in the geometrical

construction in Figure 8.7 (c). Note that the trigonal warping slightly affects the symme-

try within a single feature. Similar to the calculations in [272], a fan-like inner structure is

found, which is produced for a rough edge configuration. The latter is responsible for the

smearing of the confinement features. Rough edges are also encountered in experiment

[compare Figure 8.3].

The enlarged cuts through the Dirac cone in the CEC of the G/Ag(111) system allows

for a further reduction of the flake size, while keeping sufficient resolution for the map-

pings. However, since the separation of individual propagating modes is ∆k =π/W with

W being the width of the ribbon, which competes with the resolution in reciprocal space
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Figure 8.10 | Confinement in G/Ag(111). (a) Experimental FT-LDOS of an elongated GNF. The
dashed white hexagon resembles the Brillouin zone of graphene. The inset reproduces the shape,
size and orientation of the flake. The long axis of the flake is aligned roughly parallel to the arm-
chair (ac) direction. (b) Magnification of the intervalley scattering (upper three) and the intravalley
scattering (bottom), 5×5 nm-2. (c) A differently shaped and slightly larger GNF. Magnification of the
intervalley scattering (upper three) and the intravalley scattering (bottom), 5×5 nm-2. Experiments in
collaboration with J. Tesch and F. Blumenschein. Scanning parameters of the dI/dV mappings: (a-b)
54×54 nm2, V = -10 mV, I = 0.8 nA, Vmod = 3 mV, T = 10 K; (c) 45×45 nm2, V = 10 mV, I = 0.4 nA,
Vmod = 3 mV, T= 10 K.

given by kmin = 2π/L, L being the mapping size, individual modes will remain hard to

resolve.

Conclusion

In conclusion, the experiments convincingly show that confinement in GNFs is present.

Utilizing the atomic resolution allows for the analysis of scattering features at the po-

sitions of the (
p

3×p
3)R30° superstructure and thus unambiguously yields access to

graphene electronic properties. Additional modes of the underlying substrate confined

by the presence of the graphene can be ruled out completely [136, 142]. Contrary to the

confinement in narrow ribbons of few nanometers in width where extensive changes are

imposed to the band structure of graphene [240, 144], the effects in wider ribbons are

more subtle. The increased ribbon width reduces the magnitude of confinement effects

and at first glance hampers their investigation in real space. But the increased graphene

ribbon area allows for the implementation of a Fourier transform analysis. Strikingly, it

was found that flakes as large as 100 nm in width still show strong influence from con-

finement in form of additional scattering channels indicative of long coherence lengths.

The extra scattering channels emerge as an additional inner structure in graphene scat-

tering discs in FT-LDOS. The experiments show that the additional modes have to be

considered even for relatively wide ribbons and might be of importance for the minia-
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turization of electronic devices affecting the transport properties and the resistance of

the device.
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9.1 Intercalation of 3d ferromagnets into graphene/metal systems

The intercalation of metals into the graphene-substrate interface by annealing was stud-

ied. The amount of intercalated material was in the range of submonolayers to a few lay-

ers. It was found that the 3d metals Ni and Fe intercalate predominantly via pre-existing

defects and arrange in the graphene-substrate interface as a pseudomorphic layer with

respect to the substrate. The pseudomorphic growth allows for the preparation of atomi-

cally smooth surfaces, which are covered by graphene. The local modulation of graphene

hybridization due to a moiré superstructure influences the arrangement of the material

laterally. In strongly interacting G/Rh(111) systems the diffusion across moiré sites with

strong adsorption is suppressed, whereas in weakly bound G/Ir(111) a diffusion under-

neath graphene is largely unaffected.

In the future, the growth of metal films from magnetic materials with monolayer

thickness in the interface of graphene on a nonmagnetic substrate could give the pos-

sibility to study the emerging magnetism of thin two-dimensional layers for example us-

ing x-ray magnetic circular dichroism. The atomically smooth arrangement of Ni and Fe

underneath graphene in contrast to the formation of clusters and islands on top of other

templates underlines the uniqueness of this approach. Recently published experiments

with Co intercalation into G/Ir(111) show a stabilization of an out-of-plane magnetiza-

tion in few monolayer thick Co films due to the G-Ir interface [189] and further under-

line the diverse possibilities of graphene–ferromagnet hybrid systems. Induced mag-

netic moments in carbon [132, 133] and moiré site specific magnetic coupling induced

by local variations of the metal-graphene hybridization [216] represent possibilities for

functionalization in graphene–ferromagnet hybrid systems.

9.2 Preparation of graphene nanoflakes on noble metals

The detailed analysis of metal intercalation on the atomic scale was a key ingredient to a

controlled decoupling of GNFs by intercalation. Electronic decoupling of the graphene

structures was achieved using intercalation of noble metals. Using GNFs instead of com-

plete graphene monolayers allows for a deposition of several nanometers of material

while simultaneously ensuring a complete intercalation of all deposited material. The

157
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experiments in particular showed that a preferential nominal film thickness for interca-

lation in the regime of ∼5 nm yields GNFs on top of a well-ordered atomically flat noble

metal film. While smaller amounts of intercalated material tend to form rough surfaces

insufficient for STM based investigations, increased amounts of intercalated material

will hinder the diffusion of the GNFs to the surface. The diffusion of graphene flakes

to the surface appears to be connected to the energy reduction due to pseudomorphic

arrangement of the intercalant with respect to the substrate.

Regarding the electronic decoupling of graphene from metal substrates, noble met-

als like Au and Ag showed the most freestanding behavior among all graphene on metal

systems known at time. It was shown that the G/Au and G/Ag systems prepared by inter-

calation carry both the advantage of sufficient decoupling and the possibility to prepare

small and well-shaped GNFs.

As an continuation of this work, the approach might be suitable for additional exper-

iments leading to either improved GNFs or to a functionalization of graphene properties

using different intercalates:

• The preparation of graphene flakes using Ni(111) as a substrate for a growth lead-

ing to more triangular flakes and straighter edge structures due to the absence of

a lattice mismatch during graphene growth [26] might be combined with the de-

coupling by intercalation of Au or Ag. The increased symmetry of GNFs would be

beneficial for edge states and edge magnetism expected in small structures.

• The preparation of more complex graphene-metal hybrid systems using a sec-

ond intercalation of metals can be implemented. Several surface alloys are pre-

pared by deposition of a submonolayer of a secondary material on top of a clean

single crystal surface. In particular, Bi/Ag(111) or Pb/Ag(111) represent surface

alloys, which exhibit a giant Rashba splitting [236, 235]. The experiments pre-

sented here suggest, that a subsequently deposited submonolayer Bi or Pb onto the

G/Ag(111) system will intercalate underneath graphene forming the G/Bi/Ag(111)

or G/Pb/Ag(111) hybrid systems. The preparation of such systems is motivated by

a possible giant induced extrinsic Rashba splitting of graphene.

9.3 Graphene quasiparticle scattering in graphene nanoflakes on
noble metals

Quasiparticle interference mapping proved to be a very valuable method for the inves-

tigation of electronic properties of graphene on metals. Compared to local point spec-

troscopy, this method allows to discern the contribution of metal electrons tunneling

into the tip. The simultaneous observation of quasiparticle scattering in graphene, in

the Au(111) surface state and also in between the two electronic systems demonstrates

the power of the applied method. In particular the determination of the Rashba splitting
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in Au(111) becomes possible using graphene as an additional scattering channel and is

not possible in pure Au surfaces due to the suppression of scattering between states with

antiparallel spin orientations.

For the future, several questions remain unanswered which could be addressed with

additional experiments:

• Why do we see an intravalley scattering reflex in monolayer G/Au and G/Ag. A pos-

sible explanation is related to the confined flake size, where an intravalley scatter-

ing was theoretically predicted to reappear [272]. A second explanation is based on

the sublattice symmetry breaking due to the presence of the substrate [72]. There-

fore investigations of QPIs on full monolayers of graphene on Au(111) might help

to discern the influence of the edges. Especially the occurrence of an intravalley

scattering feature has to be resolved in order to be able to comment on the prob-

lem of how freestanding graphene is. Since the size of graphene patches which can

be decoupled by intercalation of Au and Ag is limited to GNFs of several hundred

nanometers, a preparation of full monolayers should be realized using atomic car-

bon deposition on Au or Ag surfaces directly [100, 99].

• A dominating influence of the tip configuration was found in the presented re-

sults. The tip configuration dependent tunneling into states with different type of

wave functions (pz orbital derived graphene states compared to a spz derived sur-

face state) suggests significant differences in the tunneling matrix elements [150].

The theoretical investigation of contrast formation in STM on G/metals beyond

the approximations of Tersoff and Hamann appears to be an important step to a

more profound understanding of the intensity variations of features observed in

Fourier-transformed LDOS mappings.

• The experimental data shows a slight difference between the position of the Dirac

point according to STS (ED = 240 meV) compared to ARPES experiments for mono-

layer graphene on gold systems (ED =100–150 meV) [130, 251]. As a possible expla-

nation, a STM tip induced band bending has to be considered. The electric field of

the tip in close vicinity to the sample in combination with the work function dif-

ference between graphene and the tip was shown to have considerable influence

and leads to the distortion of bands [253].

9.4 Confinement in graphene nanoflakes

The investigation of FT-LDOS in large elongated graphene flakes on Au and Ag surfaces

shows footprints of confinement. Interestingly, the investigations of large GNFs have

shown that confinement effects in graphene are also relevant for structures in the hun-

dred nanometer range. The additional scattering vectors were qualitatively explained by

confinement in metallic AGNRs.
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As an outlook, the measurements suggest a number of continuative investigations:

• Despite the overall armchair orientation of the long axis of the GNFs, the edges are

rougher on the atomic scale and feature a number of zigzag elements which are

known to give rise to edge states [50] and drastically change the electronic bands.

A quantitative simulation of FT-LDOS should be performed based on graphene

flakes reflecting the experimental edge configuration to give a more accurate de-

scription of the scattering. The scattering vectors in irregularly confined structures

can be simulated using more elaborate calculations as shown in [272].

• While the experiments have clearly shown footprints of confinement in FT-LDOS

of large flakes, a real space investigation of smaller flakes might be interesting.

Small GNFs in the 10–20 nm range have been studied on the Ir(111) substrate [136]

and after decoupling by intercalation of oxygen [273] giving rise to confined states.

However in the latter cases a residual edge bonding is present which leads to soft

confinement and to a band gap at the edge. The soft confinement is responsi-

ble for the modification of scattering off graphene edges [30] and leads to severe

changes of the standing wave patterns [136]. The results within this work suggest

a more beneficial situation in G/noble metals. Investigations of small and sym-

metric GNFs in real space using LDOS mappings might lead to the detection of

chaotic appearances of confined states in small graphene flakes as expected with

freestanding graphene edges ([136] and supplementary material therein).



Danksagung

Zu guter letzt möchte ich einigen Personen danken, ohne die diese Arbeit nicht verwirk-

licht worden wäre:

• Apl. Prof. Dr. Mikhail Fonin danke ich für die Überlassung und Betreuung dieses

spannenden Themas und für die Unterstützung während der Arbeit, für die vielen

hilfreichen Diskussionen und Anregungen, sowie für die Begutachtung der Arbeit.

• Prof. Dr. Guido Burkard danke ich für die Begutachtung der Arbeit.

• Apl. Prof. Dr. Mikhail Fonin, Prof. Dr. Guido Burkard und Prof. Dr. Eva Weig danke

ich für die mündliche Prüfung.

• Dr. Muriel Sicot danke ich für die erfolgreiche Zusammenarbeit auf dem Gebiet

Interkalation in G/Rh(111).

• Dr. Martin Weser, Dr. Stefan Böttcher, Hendrik Vita, Prof. Dr. Karsten Horn und Dr.

Yuriy Dedkov danke ich für viele Synchrotronexperimente, die zur Beleuchtung der

STM Ergebnisse von anderer Seite beigetragen haben.

• Dr. Elena Voloshina, Lukas Hammerschmidt und Lukas Marsoner Steinkasserer

danke ich für die erfolgreiche Kooperation im Zusammenhang mit DFT Berech-

nungen an G/Au(111).

• Dr. Daniela Pacilé und Dr. Marco Papagno danke ich für die Zusammenarbeit und

die ARPES Messungen an G/Ni/Ir(111).

• Dr. Andreas Garhofer, Dr. Florian Mittendorfer und Prof. Dr. Josef Redinger danke

ich für die Kooperation im Zusammenhang von DFT Berechnungen an G/Ni/Ir(111).

• Thomas Tietze und Dr. Eberhard Georing danke ich für die Zusammenarbeit an

magnetischen Nanoclustern und deren Untersuchung mittels XMCD.

• Dr. Matthias Droth danke ich für die Beantwortung verschiedenster Fragen zur

theoretischen Seite von Graphen, sowie für kurzweilige Konferenzen.

161



162 Danksagung

• Weiterhin danke ich allen Diplom-, Master-, und Bachelor-Studenten, die im Rah-

men ihrer Abschlussarbeiten zu hilfreichen Ergebnissen an Graphen auf Metall-

substraten gelangt sind: Andreas Zusan, Lukas Zielke, Riko Moroni, Felix Blumen-

schein, Eugen Zimmermann, Konstantin Krausert, Lars Freisem, Bernd Illing und

Benjamin Bauer.

• Der gesamten Arbeitsgruppe Fonin danke ich für das gute Arbeitsklima und die

Unterstützung. Ganz speziell danke ich Philipp Erler und Dr. Samuel Bouvron für

die Beantwortung fast jeglicher Frage, die sich (nicht nur) im Zusammenhang mit

dem Cryogenic STM gestellt hat. Außerdem danke ich Julia Tesch, Dr. Luca Grag-

naniello und Dr. Gillian Kiliani für’s Korrekturlesen.

• Dank gilt auch dem Helium Team Ralf Sieber und Hartmut Görig, der Feinmecha-

nik Werkstatt, sowie Manfred Keil und Tobias Schosser für technische Unterstüt-

zung.

• Weiterhin honoriere ich die Nutzung von CrystalMaker®, CrystalMaker Software

Ltd, Oxford, England (www.crystalmaker.com) für kristallographische Darstellun-

gen.

• Zuletzt danke ich der DFG für die finanzielle Förderung der Experimente im Rah-

men des EuroGRAPHENE Projekts SpinGraph und im Rahmen des Schwerpunkt-

programms SPP "1459" Graphen.

• Ganz besonders bedanke ich mich bei meiner Familie, bei Gillian und ihren zwei

Rackern und bei allen, die mich während dieser Arbeit persönlich unterstützt ha-

ben und sich über weniger Zeit an der Uni gefreut hätten.

http://www.crystalmaker.com


List of Publications

Journal articles

• Yuansu Luo, Philipp Leicht, Aleksej Laptev, Mikhail Fonin, Ulrich Rüdiger, Markus Laufen-

berg and Konrad Samwer, Effects of film thickness and composition on the structure and

martensitic transition of epitaxial off-stoichiometric Ni-Mn-Ga magnetic shape memory

films, New Journal of Physics 13, 013042 (2011)

• Philipp Leicht, Aleksej Laptev, Mikhail Fonin, Yuansu Luo and Konrad Samwer, Microstruc-

ture and atomic configuration of the (001)-oriented surface of epitaxial Ni-Mn-Ga thin films,

New Journal of Physics 13, 033021 (2011)

• Muriel Sicot, Philipp Leicht, Andreas Zusan, Samuel Bouvron, Ole Zander, Martin Weser,

Yuriy S. Dedkov, Karsten Horn, and Mikhail Fonin, Size-Selected Epitaxial Nanoislands Un-

derneath Graphene Moiré on Rh(111), ACS Nano 6, 151-158 (2012)

• Daniela Pacilé, Philipp Leicht, Marco Papagno, Polina M. Sheverdyaeva, Paolo Moras, Car-

lo Carbone, Konstantin Krausert, Lukas Zielke, Mikhail Fonin, Yuriy S. Dedkov, Florian

Mittendorfer, Jörg Doppler, Andreas Garhofer, and Josef Redinger, Artificially lattice-mis-

matched graphene/metal interface: Graphene/Ni/Ir(111), Physical Review B 87, 035420 (2013)

• Philipp Leicht, Lukas Zielke, Samuel Bouvron, Riko Moroni, Elena Voloshina, Lukas Ham-

merschmidt, Yuriy S. Dedkov, Mikhail Fonin, In Situ Fabrication Of Quasi-Free-Standing

Epitaxial Graphene Nanoflakes On Gold, ACS Nano 8, 3735-3742 (2014)

• Hendrik Vita, Stefan Böttcher, Philipp Leicht, Karsten Horn, A. B. Shick, F. M. Maca, Electro-

nic structure and magnetic properties of cobalt intercalated in graphene on Ir(111), Physical

Review B 90, 165432 (2014)

• Philipp Leicht, Julia Tesch, Samuel Bouvron, Felix Blumenschein, Philipp Erler, Mikhail

Fonin, Rashba splitting of graphene-covered Au(111) revealed by quasiparticle interference

mapping, Physical Review B 90, 241406(R) (2014)

Conference contributions (talks)

• Philipp Leicht, Julia Tesch, Luca Gragnaniello, Lukas Zielke, Samuel Bouvron, Riko Moroni,

Elena Voloshina, Lukas Hammerschmidt, Lukas Marsoner Steinkasserer, Beate Paulus, Yu-

riy S. Dedkov, Mikhail Fonin, Probing the electronic properties of epitaxial graphene flakes

on Au(111) by quasi-particle interference mapping.

ICN+T 2014, Vail, Colorado, July 20 – July 25, 2014

163



164 List of Publications

• Philipp Leicht, Lukas Zielke, Samuel Bouvron, Julia Tesch, Felix Blumenschein, Luca Grag-

naniello, Lukas Marsoner Steinkasserer, Beate Paulus, Elena Voloshina, Yuriy Dedkov, Mik-

hail Fonin, Scattering and electronic structure in graphene nanoflakes on Au(111).

DPG Spring Meeting 2014, Dresden, March 30 – April 4, 2014

• Philipp Leicht, Konstantin Krausert, Lukas Zielke, and Mikhail Fonin, Intercalation as a

route to atomically sharp graphene/ferromagnet interfaces: Structural and electronic inves-

tigations.

DPG Spring Meeting 2013, Regensburg, March 10 – March 15, 2013

• Philipp Leicht, Konstantin Krausert, Lukas Zielke, Muriel Sicot, Florian Mittendorfer, An-

dreas Garhofer, Josef Redinger, Daniela Pacilé, Marco Papagno, Polina Makarovna Shever-

dyaeva, Paolo Moras, Carlo Carbone, Yuriy S. Dedkov, and Mikhail Fonin, Tailoring the ato-

mic structure and electronic properties of graphene/metal interfaces by intercalation.

Graphene 2012, Brussels, April 10 – April 13, 2012

• Philipp Leicht, Konstantin Krausert, Lukas Zielke, and Mikhail Fonin, Tailoring the atomic

structure and electronic properties of graphene/metal interfaces by intercalation.

DPG Spring Meeting 2012, Berlin, March 25 – March 30, 2012

• Philipp Leicht, Konstantin Krausert, Lukas Zielke, and Mikhail Fonin, Intercalation of Ni

underneath graphene on Ir(111).

DPG Spring Meeting 2011, Dresden, March 13 – March 18, 2011

Conference contributions (posters)

• P. Leicht, L. Zielke, S. Bouvron, E. Voloshina, Yu. S. Dedkov and M. Fonin, Epitaxial graphe-

ne nanoflakes on Au(111): Structure, electronic properties and manipulation.

Graphene Week 2013, Chemnitz, June 3 – June 7, 2013

• Philipp Leicht, Thomas Tietze, Eberhard Goering, Konstantin Krausert, Lukas Zielke, Flo-

rian Mittendorf, Andreas Garhofer, Josef Redinger, Yuriy S. Dedkov and Mikhail Fonin, In-

tercalation as a route to atomically sharp graphene/ferromagnet interfaces: Structural and

electronic investigations.

European Workshop on Epitaxial Graphene 2013, Aussois, January 27 – January 31, 2013

• Philipp Leicht, Konstantin Krausert, Lukas Zielke, Muriel Sicot, Florian Mittendorf, An-

dreas Garhofer, Josef Redinger, Daniela Pacilé, Marco Papagno, Polina Makarovna Shever-

dyaeva, Paolo Moras, Carlo Carbone, Yuriy S. Dedkov, and Mikhail Fonin, Tayloring the

atomic structure and electronic properties of graphene/metal interfaces by intercalation.

Graphene Week 2012, Delft, June 4 – June 8, 2012

• Philipp Leicht, Muriel Sicot, Samuel Bouvron, Ole Zander, Thomas Tietze, Eberhard Goe-

ring, Yuriy Dedkov and Mikhail Fonin, Nucleation and growth of magnetic nanoclusters on

graphene moiré.

Graphene 2011 Conference at Imaginenano 2011, April 11 – April 14, 2011



References

[1] Geim, A. K., Novoselov, K. S., The rise of graphene. Nature Materials 6, 183 (2007). doi:

10.1038/nmat1849

[2] Katsnelson, M. I., Graphene: carbon in two dimensions. Materials Today 10, 20 (2007). doi:

10.1016/S1369-7021(06)71788-6

[3] Smalley, R., Discovering the fullerenes. Reviews of Modern Physics 69, 723 (1997). doi:

10.1103/RevModPhys.69.723

[4] Thostenson, E. T., Ren, Z., Chou, T.-W., Advances in the science and technology of carbon

nanotubes and their composites: a review. Composites Science and Technology 61, 1899

(2001). doi: 10.1016/S0266-3538(01)00094-X

[5] Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y., Dubonos, S. V., Grigorieva,

I. V., Firsov, A. A., Electric Field Effect in Atomically Thin Carbon Films. Science 306, 666

(2004). doi: 10.1126/science.1102896

[6] Novoselov, K. S., Jiang, D., Schedin, F., Booth, T. J., Khotkevich, V. V., Morozov, S. V., Geim,

A. K., Two-dimensional atomic crystals. Proceedings of the National Academy of Sciences

102, 10451 (2005). doi: 10.1073/pnas.0502848102

[7] Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Katsnelson, M. I., Grigorieva, I. V.,

Dubonos, S. V., Firsov, A. A., Two-dimensional gas of massless Dirac fermions in graphene.

Nature 438, 197 (2005). doi: 10.1038/nature04233

[8] Wallace, P., The Band Theory of Graphite. Physical Review 71, 622 (1947). doi:

10.1103/PhysRev.71.622

[9] Mermin, N., Crystalline Order in Two Dimensions. Physical Review 176, 250 (1968). doi:

10.1103/PhysRev.176.250

[10] Meyer, J. C., Geim, A. K., Katsnelson, M. I., Novoselov, K. S., Booth, T. J., Roth, S., The struc-

ture of suspended graphene sheets. Nature 446, 60 (2007). doi: 10.1038/nature05545

[11] Fasolino, A., Los, J. H., Katsnelson, M. I., Intrinsic ripples in graphene. Nature Materials 6,

858 (2007). doi: 10.1038/nmat2011

[12] O’Hare, A., Kusmartsev, F. V., Kugel, K. I., A Stable “Flat′′ Form of Two-Dimensional Crystals:

Could Graphene, Silicene, Germanene Be Minigap Semiconductors? Nano Letters 12, 1045

(2012). doi: 10.1021/nl204283q

165

http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1016/S1369-7021(06)71788-6
http://dx.doi.org/10.1016/S1369-7021(06)71788-6
http://dx.doi.org/10.1103/RevModPhys.69.723
http://dx.doi.org/10.1103/RevModPhys.69.723
http://dx.doi.org/10.1016/S0266-3538(01)00094-X
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1073/pnas.0502848102
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1103/PhysRev.71.622
http://dx.doi.org/10.1103/PhysRev.71.622
http://dx.doi.org/10.1103/PhysRev.176.250
http://dx.doi.org/10.1103/PhysRev.176.250
http://dx.doi.org/10.1038/nature05545
http://dx.doi.org/10.1038/nmat2011
http://dx.doi.org/10.1021/nl204283q


166 REFERENCES

[13] Lee, C., Wei, X., Kysar, J. W., Hone, J., Measurement of the Elastic Properties and Intrinsic

Strength of Monolayer Graphene. Science 321, 385 (2008). doi: 10.1126/science.1157996

[14] Bunch, J. S., Verbridge, S. S., Alden, J. S., van der Zande, A. M., Parpia, J. M., Craighead,

H. G., McEuen, P. L., Impermeable Atomic Membranes from Graphene Sheets. Nano Letters

8, 2458 (2008). doi: 10.1021/nl801457b

[15] Chen, J.-H., Jang, C., Xiao, S., Ishigami, M., Fuhrer, M. S., Intrinsic and extrinsic perfor-

mance limits of graphene devices on SiO2. Nature Nanotechnology 3, 206 (2008). doi:

10.1038/nnano.2008.58

[16] Katsnelson, M. I., Novoselov, K. S., Geim, A. K., Chiral tunnelling and the Klein paradox in

graphene. Nature Physics 2, 620 (2006). doi: 10.1038/nphys384

[17] Young, A. F., Kim, P., Quantum interference and Klein tunnelling in graphene heterojunc-

tions. Nature Physics 5, 222 (2009). doi: 10.1038/nphys1198

[18] Schedin, F., Geim, A. K., Morozov, S. V., Hill, E. W., Blake, P., Katsnelson, M. I., Novoselov,

K. S., Detection of individual gas molecules adsorbed on graphene. Nature Materials 6, 652

(2007). doi: 10.1038/nmat1967

[19] Bae, S., Kim, H., Lee, Y., Xu, X., Park, J.-S., Zheng, Y., Balakrishnan, J., Lei, T., Ri Kim, H.,

Song, Y. I., Kim, Y.-J., Kim, K. S., Özyilmaz, B., Ahn, J.-H., Hong, B. H., Iijima, S., Roll-to-roll

production of 30-inch graphene films for transparent electrodes. Nature Nanotechnology 5,

574 (2010). doi: 10.1038/nnano.2010.132

[20] Fujita, M., Wakabayashi, K., Nakada, K., Kusakabe, K., Peculiar Localized State at

Zigzag Graphite Edge. Journal of the Physics Society Japan 65, 1920 (1996). doi:

10.1143/JPSJ.65.1920

[21] Nakada, K., Fujita, M., Dresselhaus, G., Dresselhaus, M., Edge state in graphene ribbons:

Nanometer size effect and edge shape dependence. Physical Review B 54, 17954 (1996). doi:

10.1103/PhysRevB.54.17954

[22] Son, Y.-W., Cohen, M. L., Louie, S. G., Energy Gaps in Graphene Nanoribbons. Physical Re-

view Letters 97, 216803 (2006). doi: 10.1103/PhysRevLett.97.216803

[23] Wang, W. L., Meng, S., Kaxiras, E., Graphene NanoFlakes with Large Spin. Nano Letters 8,

241 (2008). doi: 10.1021/nl072548a

[24] Coraux, J., N’Diaye, A. T., Engler, M., Busse, C., Wall, D., Buckanie, N., Meyer Heringdorf,

F.-J. z., van Gastel, R., Poelsema, B., Michely, T., Growth of graphene on Ir(111). New Journal

of Physics 11, 023006 (2009). doi: 10.1088/1367-2630/11/2/023006

[25] Lu, J., Yeo, P. S. E., Gan, C. K., Wu, P., Loh, K. P., Transforming C60 molecules into graphene

quantum dots. Nature Nanotechnology 6, 247 (2011). doi: 10.1038/nnano.2011.30

[26] Olle, M., Ceballos, G., Serrate, D., Gambardella, P., Yield and Shape Selection of Graphene

Nanoislands Grown on Ni(111). Nano Letters 12, 4431 (2012). doi: 10.1021/nl300897m

http://dx.doi.org/10.1126/science.1157996
http://dx.doi.org/10.1021/nl801457b
http://dx.doi.org/10.1038/nnano.2008.58
http://dx.doi.org/10.1038/nnano.2008.58
http://dx.doi.org/10.1038/nphys384
http://dx.doi.org/10.1038/nphys1198
http://dx.doi.org/10.1038/nmat1967
http://dx.doi.org/10.1038/nnano.2010.132
http://dx.doi.org/10.1143/JPSJ.65.1920
http://dx.doi.org/10.1143/JPSJ.65.1920
http://dx.doi.org/10.1103/PhysRevB.54.17954
http://dx.doi.org/10.1103/PhysRevB.54.17954
http://dx.doi.org/10.1103/PhysRevLett.97.216803
http://dx.doi.org/10.1021/nl072548a
http://dx.doi.org/10.1088/1367-2630/11/2/023006
http://dx.doi.org/10.1038/nnano.2011.30
http://dx.doi.org/10.1021/nl300897m


REFERENCES 167

[27] Sutter, P., Hybertsen, M. S., Sadowski, J. T., Sutter, E., Electronic Structure of Few-Layer Epi-

taxial Graphene on Ru(0001). Nano Letters 9, 2654 (2009). doi: 10.1021/nl901040v

[28] Starodub, E., Bostwick, A., Moreschini, L., Nie, S., Gabaly, F. E., McCarty, K. F., Rotenberg,

E., In-plane orientation effects on the electronic structure, stability, and Raman scattering of

monolayer graphene on Ir(111). Physical Review B 83, 125428 (2011). doi: 10.1103/Phys-

RevB.83.125428

[29] Lacovig, P., Pozzo, M., Alfè, D., Vilmercati, P., Baraldi, A., Lizzit, S., Growth of Dome-Shaped

Carbon Nanoislands on Ir(111): The Intermediate between Carbidic Clusters and Quasi-

Free-Standing Graphene. Physical Review Letters 103, 166101 (2009). doi: 10.1103/Phys-

RevLett.103.166101

[30] Li, Y., Subramaniam, D., Atodiresei, N., Lazić, P., Caciuc, V., Pauly, C., Georgi, A., Busse,
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