
Technische Universität Ilmenau
Institut für Physik
Experimentalphysik I / Oberflächenphysik

Intercalation of Graphene:
Inelastic Excitations, Bilayer Growth,

and Superstructures

Dissertation
zur Erlangung des akademischen Grades

Doctor rerum naturalium

der Mathematisch-Naturwissenschaftlichen Fakultät

der Technischen Universität Ilmenau

Verfasst von:
Johannes Halle

geboren am 26.10.1990
in Erlabrunn

Eingereicht am: 08.03.2019
Tag der wissenschaftlichen Aussprache: 16.04.2019

1. Gutachter: Prof. Dr. Jörg Kröger
2. Gutachter: Prof. Dr. Mads Brandbyge
3. Gutachter: Prof. Dr. Stefan Krischok

urn:nbn:de:gbv:ilm1-2019000115





Abstract

In this thesis graphene is intercalated with various metals to engineer its electronic
and structural properties. Furthermore, intercalation is utilized in the development
of a novel preparation method for bilayer graphene. Scanning tunneling microscopy
and spectroscopy enables the characterization of inelastic excitations and intercalant
superstructures at the nanoscale.

The first chapter of this work presents a comprehensive study of inelastic tun-
neling into graphene on metal surfaces. The intercalation of graphene on Ir(111)
with Cs and Li gives rise to pronounced signatures of graphene phonon excitations
in tunneling spectra, while Ni-intercalated graphene does not yield detectable ine-
lastic features. Moreover, the phonon signal strength can be tuned by the alkali
metal coverage and the junction conductance. Transport calculations based on an
innovative three-terminal setup provide general insight into the relations between
the graphene–electrode coupling and the observation of spectroscopic fingerprints of
graphene phonons. Similar phonon signatures are obtained from monolayer and bi-
layer graphene on Ru(0001). Their signal intensity depends on the high-symmetry
site of the moiré pattern, which may hint at a spatial variation of the electron-phonon
coupling.

In the second part of this thesis the development of a growth method for grap-
hene bilayers based on sequential chemical vapor deposition (CVD) is portrayed. On
Pt(111) a first monolayer of graphene is prepared via the thermal decomposition of
ethylene in a CVD process. Deposition of additional Pt then reactivates the sam-
ple surface for the growth of the second graphene sheet. Subsequent intercalation
of the added Pt layer beneath the buried graphene produces bilayer graphene on
Pt(111). The analysis of the observed moiré patterns evidences the successful double
layer growth and unveils the impact of the twist angles at graphene–substrate and
graphene–graphene interfaces on the origin of the observed moiré.

The thesis is concluded by an exploratory study of the impact of graphene on in-
tercalant superstructures, which is mediated by its influence on the interlayer and
intralayer interactions at the surface. The examples of Pt intercalation under grap-
hene on Pt(111), and the intercalation of Cs and Li under graphene on Ru(0001)
are investigated. On graphene-covered Pt(111) the inserted Pt produces a substrate
reconstruction. Due to the presence of graphene, this superstructure is qualitatively
different from those of a class of related reconstructions induced by the deposition
of metals on Pt(111) and, specifically, by the homoepitaxy of Pt. Moreover, the
successful cointercalation of graphene on Ru(0001) with Cs and Li is demonstrated.
The alkali metals form separate phases with superlattices that are oriented at the
graphene lattice rather than the Ru substrate.
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Zusammenfassung

Die vorliegende Arbeit nutzt die Interkalation von Graphen mit verschiedenen Me-
tallen zum einen zur Anpassung der elektronischen und strukturellen Eigenschaften
von Graphen und zum anderen für die Entwicklung einer neuartigen Präparations-
methode für Graphen-Bilagen. Mithilfe eines Rastertunnelmikroskops (STM) werden
auÿerdem inelastische Anregungen im Graphen sowie die durch Interkalation erzeug-
ten Überstrukturen untersucht.

Der erste Teil der Dissertation stellt eine umfassende Studie zum inelastischen Tun-
neln in Graphen auf Metalloberflächen vor. Die Interkalation von Graphen auf Ir(111)
mit Cs und Li bewirkt deutliche Signaturen von Phononenanregungen in den inelas-
tischen Tunnelspektren. Im Gegensatz dazu erzeugt die Interkalation mit Ni keine er-
kennbaren inelastischen Anregungen beim Tunneln. Die Stärke der Phononensignale
kann durch die Bedeckung der Alkalimetalle sowie durch die Veränderung des Spitze–
Probe-Abstandes beeinflusst werden. Mithilfe von Transportrechnungen anhand eines
innovativen Drei-Elektroden-Setups wird der Zusammenhang zwischen der Kopplung
von Graphen zu den angrenzenden Elektroden und der Beobachtung der Graphen-
Phononen in den Spektren analysiert. Weiterhin finden sich in Tunnelspektren von
Graphen-Mono- und Bilagen auf Ru(0001) ähnliche Phononensignaturen. Deren In-
tensität hängt von der jeweiligen Hochsymmetrieregion der Moiréstruktur ab, was
möglicherweise auf lokale Unterschiede in der Elektron-Phonon-Kopplung hinweist.

Im zweiten Teil der Arbeit wird die Entwicklung einer Präparationsmethode für
Graphen-Bilagen auf Basis einer sequenziellen chemischen Gasphasenabscheidung
(CVD) vorgestellt. In diesem Verfahren wird zunächst eine Monolage Graphen auf
Pt(111) durch die thermische Aufspaltung von Ethen in einem CVD-Prozess erzeugt.
Anschlieÿend wird zusätzliches Pt auf die mit Graphen bedeckte Probenoberfläche
aufgedampft. Hierdurch wird diese für einen weiteren CVD-Schritt reaktiviert, in wel-
chem die zweite Lage Graphen gewachsen wird. Die nachfolgende Interkalation der
abgeschiedenen Pt-Schicht unter die vergrabene Graphenlage erzeugt schlieÿlich die
Graphen-Bilagen auf Pt(111). Eine Analyse der nun beobachteten Moirémuster be-
stätigt die erfolgreiche Präparation von Graphen-Doppellagen und deckt den Einfluss
der Graphen–Substrat- und Graphen–Graphen-Verdrehwinkel auf das Erscheinungs-
bild der beobachtbaren Moiréstrukturen auf.

Den Abschluss dieser Dissertation bildet eine explorative Studie der Wirkung von
Graphen auf die Überstrukturen von Interkalanten. Diese Wirkung wird durch den
Einfluss der Graphen-Deckschicht auf das Zusammenspiel von Wechselwirkungen zwi-
schen und innerhalb der oberflächennahen Atomlagen vermittelt. Exemplarisch wer-
den zum einen die Pt-Interkalation von Graphen auf Pt(111) und zum anderen die
Interkalation von Cs und Li unter Graphen auf Ru(0001) untersucht. Bei graphen-
bedecktem Pt(111) ruft das eingefügte Pt eine Rekonstruktion der Substratoberflä-
che hervor. Aufgrund des Einflusses von Graphen unterscheidet sich deren Struktur
qualtitativ von denen einer Klasse verwandter Rekonstruktionen, die durch das Auf-
bringen von Metallen auf Pt(111) und insbesondere durch die Homoepitaxie von
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Pt hervorgerufen werden. Darüber hinaus wird die erfolgreiche Kointerkalation von
Graphen auf Ru(0001) mit Cs und Li präsentiert. Die Alkalimetalle bilden separate
Phasen mit Übergittern, die sich jeweils am Graphengitter statt an dem des Ru-
Substrates ausrichten.
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1 Introduction

The “miracle material” graphene – a single sheet of carbon in honeycomb structure
– earned its name due to its phenomenal properties that are superior to those of
conventional materials in various fields.[1, 2] Exceptionally high electron mobility,
thermal conductivity, and mechanical strength are only some of the features that are
combined by graphene and have sparked hopes and dreams of a beginning “graphene
age”. Its unique band structure is characterized by linearly dispersing π/π�-bands in
the proximity of the Fermi energy, which entail exciting physical phenomena like the
relativistic behavior of charge carriers or the anomalous quantum Hall effect, [3, 4]
making it an interesting platform for fundamental research as well.

Since most of the supreme properties of graphene have been demonstrated only
under laboratory conditions so far, [1, 5] the eventual application in devices requires
suitable methods for the production of extended graphene sheets of high structural
quality. One of the most promising approaches in this regard is the epitaxial growth of
graphene.[2, 6, 7] However, the various available substrate all have their pros and cons.
For example, the hybridization between graphene and transition metal substrates
ranges from very weak in the case of Pt(111) to very strong in the case of Ni(111) or
Ru(0001).[6, 8] While weakly coupled graphene on Pt(111) preserves many of its ideal
characteristics, often multiple rotational domains occur.[6, 9] On Ru(0001) on the
other hand, graphene is strongly bound, exhibits a highly corrugated moiré pattern,
and its band structure is altered significantly.[6, 10, 11] However, graphene grown
on Ru(0001) offers the benefit of being rotationally well-aligned, yielding virtually
only one orientation.[6] The desire to combine advantages of different substrates or
to add other materials in order to tune the properties of epitaxial graphene calls for
adequate preparation techniques.

A powerful method to modify the graphene–substrate interaction as well as the
properties of graphene itself is the insertion of materials at the graphene–substrate
interface. This so-called intercalation has long been known from the fabrication of
graphite intercalated compounds.[12] Its application to graphene is typically perfor-
med by the deposition of the intercalant on top of the graphene sheet followed by
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an annealing step that activates the diffusion of the added material through specific
entry points to the interface.[13–15] Examples of important achievements enabled by
intercalation are the formation of local p-n junctions [16] and the opening of a band
gap in graphene, [17, 18] which is a prerequisite for any future application in transis-
tors. Furthermore, depending on substrate and intercalant, the graphene–substrate
interaction has reportedly been weakened or strengthened.[19–21] Throughout this
work, intercalation is applied for different purposes, once again proving its versatility.

The observation of giant phonon signatures in scanning tunneling spectroscopy
on epitaxial graphene on SiC [22] has triggered numerous investigations over the
past decade to explore phonon-mediated tunneling into graphene. In comparison
to vibrational signatures of molecules, the differential conductance increase due to
these phonons was up to three orders of magnitude larger.[23–25] While graphene
on semiconducting or insulating substrates like SiC, [22] SiO2, [24, 26] and hBN
on SiO2 [27, 28] has been demonstrated to exhibit similarly large phonon signals,
studies of graphene-covered metal substrates are still scarce. Only recently have two
reports presented phonon signatures from graphene on Pt(111) [29] and Ir(111).[25]
In both these cases, the inelastic excitations have been observed only on delaminated
graphene structures but vanished on the flat graphene sheet. The apparent impact of
the graphene–substrate hybridization on the phonon signatures has been mentioned
in some studies, [25, 29, 30] but a comprehensive understanding of the interplay of the
coupling between substrate, graphene, and tip of the scanning tunneling microscope
(STM) has not been achieved yet. The first part of this thesis explores that issue by
means of inelastic electron tunneling spectroscopy (IETS) with the STM.

Furthermore, the currently immense attention towards multilayered homostructu-
res or heterostructures of two-dimensional materials [2, 31] has motivated the exten-
sion of this investigation to bilayer graphene (BLG) on Ru(0001). In comparison to
its electronic structure, the vibrational properties of BLG have been hardly explored
so far. Only few theoretical [32, 33] and experimental works, mostly using Raman
spectroscopy [34–37] have been conducted. In particular spatially resolved probes of
BLG phonon excitations are rare. One previous IETS study of BLG on Ru(0001) has
reported a spatial variation of the phonon signal intensity at different high-symmetry
regions of the moiré pattern, [38] and inelastic atom scattering at BLG on Ru(0001)
has revealed a localized vibrational mode in so-called graphene nanodomes.[39] On
Ir(111) phonon excitations have been observed in IETS only from bilayer but not
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from monolayer graphene domains.[40]
The first set of experiments presented in this thesis are, therefore, devoted to the

following open questions:

� What role do the graphene–substrate and the graphene–tip coupling play in
inelastic tunneling into graphene?

� How do the phonon signatures depend on the probing position in the BLG/Ru(0001)
moiré pattern?

� Is there a general description that explains the observation of phonon signals
in IETS from both, quasi-freestanding and strongly hybridized graphene?

To this end, graphene samples on Ir(111) and Ru(0001) substrates are prepared. The
intercalation of graphene on Ir(111) with Cs, Li, and Ni produces different all-metal
systems with varying graphene–substrate interaction. Additionally, the intercalant
coverage represents a further experimental control parameter. The impact of the
graphene–tip coupling is investigated in contact experiments. Monolayer graphene on
Ru(0001) provides a platform to explore potential phonon excitations in the strong
hybridization limit. Local probes with the STM tip shed light on the impact of
(i) the spatial variation of the graphene-substrate coupling in monolayer graphene
and (ii) the graphene–graphene coupling in bilayer graphene on the phonon signal
intensity. State-of-the-art transport calculations accompany the experiments for ad-
ditional insight into the phonon-mediated tunneling processes.

The second chapter of the thesis describes the development of a growth method for
BLG on Pt(111). As mentioned above, scalable preparation methods for graphene are
necessary to enable its application in industry and devices. The established chemical
vapor deposition (CVD) of hydrocarbons on transition metals [41] has great potential
in this regard as it is simple, reliable, and inexpensive. Due to its self-limiting nature,
it provides precise thickness control to one monolayer of graphene but lacks the option
of multilayer growth. The open questions addressed in the second half of this work
are, therefore:

� Is it possible to utilize CVD for the preparation of bilayer graphene?

� How can the self-limitation in the CVD growth process be circumvented?

The basic idea to tackle this challenge is the reactivation of the graphene-covered
sample surface for a second CVD cycle by the deposition of additional substrate
material. After the second layer growth, the added metal should intercalate below
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the bottom graphene sheet upon annealing and, thus, produce bilayer graphene. The
selected candidate substrates are the (111) surfaces of Ir and Pt, which both interact
only weakly with graphene.[6, 8]

The third part of this work presents the investigation of intercalation-induced su-
perstructures that are affected by the presence of graphene. Ordered arrangements of
adsorbates, moiré patterns of layered systems, and substrate reconstructions are only
few prominent examples of the ubiquitous superstructures at surfaces. Their appea-
rance is determined by the subtle interplay of adsorbate–adsorbate and adsorbate–
substrate interactions or, analogously, intralayer and interlayer interactions.[42, 43]
As intercalants experience not only the interaction with the substrate and each ot-
her but also with the graphene cover layer, existing superstructures may be altered
and new ones stabilized. STM characterization allows the direct observation of such
patterns and has been successfully applied in various intercalated systems.[44] In this
chapter, two specific metal-intercalated graphene samples are investigated: (i) Pt
under graphene on Pt(111) and (ii) Cs and Li under graphene on Ru(0001). Addi-
tionally, the cointercalation of graphene on Ru(0001) with Cs and Li is attempted.
The main questions addressed here are:

� What is the structure of the intercalant materials in the respective graphene/metal
samples?

� How does the presence of graphene affect the formation of these superstructu-
res?

The outline of the thesis is summarized below:
Chapter 2 briefly describes relevant experimental techniques, samples, and the ana-
lysis of the obtained data.
Chapter 3 presents the IETS investigations of (i) graphene on Ir(111) intercalated
with Cs, Li, Ni along with the results of the transport calculations, and (ii) monolayer
and bilayer graphene on Ru(0001).
Chapter 4 elaborates on the successful development of a preparation method for
bilayer graphene on Pt(111) and the analysis of the resulting moiré patterns.
Chapter 5 presents the STM characterization of intercalation-induced superstruc-
tures of Pt under graphene on Pt(111), and Cs and Li under graphene on Ru(0001).
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2 Experiment and Methods

In the experiments presented in this thesis, a low-temperature scanning tunneling
microscope (STM) was employed to investigate pristine and intercalated graphene
on different metal substrates. The STM is a powerful tool for the characterization of
structural, dynamical and electronic properties of surfaces. Its high spatial resolution
based on the quantum-mechanical tunneling effect enables precise examinations at
the atomic scale.

This chapter provides fundamental theoretical and practical background of the
STM as well as related information on spectroscopic techniques, the experimental
setup, and prepared samples. It is concluded by a section about modeling and analysis
of the ubiquitous moiré patterns generated by graphene overlayers. All descriptions
are focused on the topics of this thesis.

2.1 Scanning Tunneling Microscopy

2.1.1 Working Principle

The basic setup of a STM is illustrated in Fig. 2.1. It consists of two electrodes – an
atomically sharp metal tip and an electrically conducting sample – separated by a
potential barrier. When a bias voltage (V ) is applied across this junction, electrons
tunnel from one electrode to another generating an electric current (I) that is typically
in the pA to �A range. Topographic mapping is performed either in constant current
or in constant height mode. When operating in constant current mode, the feedback
loop constantly adjusts the tunneling current to a set value. By moving the STM tip
laterally across the sample while recording the vertical tip displacement a topographic
representation z(x, y) of the surface is obtained. Alternatively, in constant height
mode variations of the current I(x, y) are recorded while scanning the surface at
constant tip-sample separation.

The tunneling current can be expressed as
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I = 4πe
~

∞∫
−∞

ρs(ε)ρt(ε− eV )|Mts|2 [f(ε− eV )− f(ε)] dε (2.1)

in the Transfer Hamiltonian approach.[45, 46] Here, e is the elementary charge, ~
the reduced Planck constant, ρs and ρt the local density of states (LDOS) of sample
and tip, respectively, Mts the tunneling matrix element, [45] and f(ε) the Fermi
distribution, which includes the influence of the temperature on the tunneling process.
|Mts|2 describes the tunneling probability and may be approximated as transmission
coefficient T with

|Mts|2 ≈ T (ε, V, z) = exp
−2z

√√√√2m
~2

(
Φt + Φs

2 + eV

2 − ε
) (2.2)

in the Wentzel-Kramers-Brillouin approximation [47, 48] for a simple trapezoidal tun-
neling barrier [Fig. 2.1(b)]. Here, z is the tip-sample distance, m the free electron
mass, Φt and Φs the work functions of tip and sample, respectively. The exponential

(a) (b)

ε

ρsρt

EF,t

EF,s

Evac

eV

Φt

Φs

z

sample

tip

piezo

control

V
x,y,z

PC

piezo

x
y

z

A

Figure 2.1: (a) Schematic diagram of the STM. A sharp metal tip is brought near
the conducting sample. The control unit applies a bias voltage V to the junction
and moves the tip via piezo actuators. The tunneling current is measured by a
transimpedance amplifier and input into the control unit. A feedback loop enables
scanning with constant current by adjusting the tip-sample distance. (b) Sketch of
the elastic tunneling through a trapezoid vacuum barrier of width z. The barrier
height is defined by the work functions (Φt and Φs) and the Fermi energies (EF,t
and EF,s) of tip (t) and sample (s). Evac denotes the vacuum energy. The Fermi
energies are shifted by eV due to the applied bias, which leads to a net current of
electrons tunneling from occupied tip states into unoccupied sample states or vice
versa, depending on the polarity. The local densities of states (ρt and ρs) of tip and
sample influence the tunneling current.
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dependence of the transmission factor on z is responsible for the high sensitivity of
the tunneling current to smallest distance variations, which enables a precise measu-
rement of the atomic topography with the STM. It should be noted, however, that
the local densities of states of tip and sample as well as the applied bias affect the
tunneling current (Eq. 2.1).

Scanning tunneling spectroscopy (STS) takes advantage of that and accesses elec-
tronic properties of the sample by performing tunneling bias sweeps. For small bias
(eV � Φt,Φs), the energy-dependence of T (Eq. 2.2) can be neglected. Furthermore,
at very low temperatures the Fermi distribution becomes a step function. With these
considerations and under the additional assumptions of a constant DOS of the tip,
ρt, around the Fermi level and a constant tip–sample separation, z0, the differential
conductance can be approximated as

dI
dV / ρt(0)ρs(eV ) exp

−2z0

√√√√2m
~2

(
Φt + Φs

2

) . (2.3)

Thus, the dI/dV signal recorded in bias sweeps at constant height is proportional to
the LDOS of the sample at eV .

In the experiment, tips are often made of or terminated with noble metals and
calibrated at well-known electronic features like surface resonances to ensure the
absence of tip LDOS features in the spectra. In constant height spectroscopy the
feedback loop is deactivated during the voltage sweep to keep the tip–sample distance
at z0. The dI/dV is typically obtained using a lock-in amplifier. It adds a periodic
modulation to the applied tunneling bias. The current response of the junction is then
multiplied with a reference signal at the first or a higher harmonic of the modulation
frequency. The DC component of the resulting signal is extracted and output. It
is proportional to the dI/dV at the first harmonic, or proportional to the d2I/dV 2

at the second harmonic. The latter plays an important role for inelastic electron
tunneling spectroscopy (IETS), a technique described in the next section.

2.1.2 Inelastic Electron Tunneling Spectroscopy (IETS)

In the elastic tunneling process illustrated in Fig. 2.1(b) electrons tunnel only at
constant energy. However, there is a second pathway available, where electrons may
excite, e.g., phonons, molecular vibrations, spin flips, and plasmons with the energy
~ω. This process may happen for both polarities of the bias. Figure 2.2(a) illustrates
such an inelastic electron tunneling (IET) process. For |eV | � ~ω the energy of
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the tunneling electron is sufficient to perform the corresponding inelastic excitation,
which has two effects on the tunneling current.[49–51] On the one hand, the emission
of an excitation quantum opens an additional tunneling pathway and is accompanied
by an increase in the conductance [blue arrows in Fig. 2.2(a)]. On the other hand,
re-absorption of the excitation quantum leads tunneling electrons to final states at
the initial energy [orange arrows in Fig. 2.2(a)]. Therefore, this process interferes
with the purely elastic tunneling process. It has been shown that this interference
causes a decrease in the differential conductance and alterations of the spectroscopic
line shape.[49, 50, 52] The overall appearance of inelastic excitations in IETS thus
depends on the contributions of both these processes. However, the spectra presented
in this thesis (chapter 3) all indicate a clearly dominating contribution of the first
effect. The increase in the conductance can be recognized by step-like features in
the dI/dV or as point-symmetric dip–peak pair at V = ~ω/e in d2I/dV 2 spectra
[Fig. 2.2(b)].

(a) (b)

ε

ρsρt

EF,t

EF,s

eV
ħω

Bias V
0-ħω/e ħω/e

0

0

dI
/d

V
d

2 I/d
V

2

Figure 2.2: (a) Sketch of the inelastic electron tunneling process. At sufficiently
high bias voltage the tunneling electron may excite, e.g., a phonon (energy ~ω) and
enter finite states at lower energy (blue pathway). Alternatively, the energy quantum
may be reabsorbed (orange pathway) and interfere with the elastic tunneling channel.
(b) Exemplary schematic diagrams of dI/dV and d2I/dV 2 spectra in the presence
of inelastic tunneling. The additional tunneling channel for |V | � ~ω/e increases
the differential conductance (upper panel) and causes symmetric step-like features.
Accordingly, the IET spectra (lower panel) exhibits a point-symmetric dip–peak pair
at the threshold bias.

Predictions of the intensity and line shape of vibrational signatures in IET spectra
are not straightforward and usually require advanced computational methods.[53, 54]
Although some propensity rules based on vibrational and electronic characteristics of
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specific molecular junctions have been found, [50, 55, 56] there are no general rigorous
selection rules in IETS.[57] Therefore, IETS is a great alternative to optical vibratio-
nal spectroscopy techniques such as infrared or Raman spectroscopy. Due to its high
spatial resolution, it is especially well-suited for the chemical identification of mole-
cules at ultra-low concentrations.[58] Other cutting-edge investigations address, e.g.,
chemical bonding, heat generation and dissipation at the molecular scale, charging
phenomena in molecules, and current-induced reactions.[54, 57]

2.2 Experimental Setup and Preparation

2.2.1 Setup

(a) (b)

analysis
chamber

preparation chamber

EBE

manipulator
with heating
station

Ar ion
source

He bath
cryostat

passive 
damping

active 
damping

QMB

gas inlets

Figure 2.3: Photographies of the experimental setup with labeled parts and devices.
(a) Front view showing the two main chambers. EBE: electron beam evaporator (b)
Side view. QMB: quartz microbalance

All presented experiments have been carried out with a home-built low-temperature
STM operated under ultra-high vacuum (pressure . 10−8 Pa) at 5K. The experi-
mental setup is shown in Fig. 2.3. It consists of two vacuum chambers – the analysis
chamber with the STM and a He bath cryostat, and the preparation chamber with
an Ar ion source, a heating station, gas inlets, electron beam evaporators (EBE), a
quartz microbalance (QMB), and alkali metal evaporators equipped with commercial
dispensers for Cs and Li. A load lock chamber (located at the back of the setup) with
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a separate turbomolecular pump allows the transfer of samples and smaller devices
into the preparation chamber without venting. The whole system is supported by
an active damping system and built on a separate foundation isolated from the rest
of the building. Additional passive air dampers decouple the inner cryostat with the
attached STM from the chambers. The turbomolecular pumps are turned off during
the measurements, while the pressure is sustained by ion pumps.

The STM body is described elsewhere in detail.[59] All STM images were recorded
in the constant-current mode with the bias voltage applied to the sample. Tips were
either fabricated by electrochemical etching of W wire or by cutting Au wire. The
tips were cleaned in-situ by annealing and field-emission, and subsequently trained by
controlled contact with a Au(100) surface until stable imaging with high resolution
was achieved.

2.2.2 Sample Preparation

Ar+

ion energy
annealing &
O2 exposure

graphene CVD
by C2H4 exposure

intercalation &
post-annealing

Ir(111) 1.5 kV 1600K
O2: 1300K, 10−5 Pa

1500K, 10−4 Pa Cs (660K)
Li (570K)
Ni (660K)

Ru(0001) 1.5 kV O2: 1300K, 10−5 Pa 1600K, 10−4 Pa Cs (660K)
Li (570K)

Pt(111) 1.2 kV 1200K
O2: 1200K, 10−5 Pa

1200K, 5 � 10−4 Pa Pt (1200K)

Table 2.1: Preparation parameters. Given pressures are total pressures during the
respective gas exposure. Post-annealing temperatures are denoted in brackets next
to the intercalant.

The preparation of the investigated graphene samples comprised three main steps,
namely the preparation of a clean metal surface, the growth of graphene, and its
intercalation with metals. Clean metal surfaces were prepared by cycles of Ar+ ion
bombardment and annealing. Subsequently, the samples were exposed to oxygen
to remove residual carbon segregated from the bulk. The Ru(0001) surface was al-
ways heated in O2 atmosphere. All oxygen cycles were concluded by a flash annealing.
Graphene was grown by an established chemical vapor deposition (CVD) method.[60]
The hot metal surface is exposed to ethylene (C2H4), which initiates a self-limiting
catalytic surface reaction producing epitaxial graphene. On Ru(0001) bilayer grap-
hene (BLG) is obtained by additional carbon segregation to the surface during an
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extended cool-down phase after the monolayer graphene (MLG) growth.[60] Interca-
lants were evaporated from commercial dispensers (Cs, Li) or from a hot filament (Ni,
Pt) and deposited onto graphene at room temperature. Post-annealing was perfor-
med to facilitate the intercalation process and remove the adatom phase. Table 2.1
summarizes the important parameters of the sample preparation.

2.2.3 Calibration

Since piezoelectric actuators may depolarize over time and their material proper-
ties depend on the temperature, the piezo constants need to be determined before
each experiment. This calibration has been performed on the reconstructed Au(100)
surface (Fig. 2.4), where characteristic parallel ridges occur with a lateral period of
14.4Å, [61, 62] and verified at the graphene lattice constant (2.46Å) on the prepared
samples.

Figure 2.4: Constant-current STM image of the reconstructed Au(100) surface (bias
voltage V = 300mV, tunneling current I = 100 pA, 15× 15 nm2). The distance (red
line) between the protruding ridges is 14.4Å.[61, 62]

2.2.4 Analysis Software

STM topographic data was analyzed and post-processed with WSxM.[63] Conversion
and analysis of dI/dV and d2I/dV 2 spectra was performed in MATLAB.
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2.3 Graphene Samples

2.3.1 Graphene

Graphene is a single layer of sp2 hybridized carbon atoms arranged in a honeycomb
lattice. Its unit cell contains two carbon atoms (A, B) that form two triangular su-
blattices. Every atom of one sublattice is connected to neighboring atoms of the other
sublattice by strong in-plane σ-bonds [Fig. 2.5(a)]. The p-orbitals are oriented per-
pendicular to the lattice plane and form an extended delocalized π-system. Besides
a remarkable mechanical stability, [65] this network creates a unique electronic band
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Figure 2.5: Properties of graphene. (a) Primitive unit cell of graphene (dotted) with
the two triangular sublattices A, B of the honeycomb lattice. (b)y Electronic band
structure of graphene. The so-called Dirac cone is situated at the crossing point of the
linear dispersing π-bands (red) at K/K 0. The first unoccupied σ-band of graphene
(green) plays an important role in the inelastic electron tunneling into graphene
(section 3.1).[24] (c) First Brillouin zone of graphene with labeled high symmetry
points. (d)z Calculated phonon dispersion of graphene together with experimental
data obtained with EELS. Branches are characterized by longitudinal (L), transversal
(T), and out-of-plane (Z) displacement, and by optical (O) or acoustic (A) character.
yReprinted with permission from T. O. Wehling et al., Phonon-mediated tunneling into graphene.
Phys. Rev. Lett., 101: 216803, 2008. Copyright (2008) by the American Physical Society.[30]
zReprinted with permission from M. Endlich et al., Screening of electron-phonon coupling in grap-
hene on Ir(111). Phys. Rev. B, 88: 205403, 2013. Copyright (2013) by the American Physical
Society.[64]
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structure [Fig. 2.5(b)]. In the proximity of the K/K 0 points of the Brillouin zone
(BZ) [Fig. 2.5(c)] the π-bands disperse linearly, following the Dirac-Weyl description
of massless fermions, [66] and cross at K/K 0 at the Fermi energy. These characte-
ristic features are referred to as Dirac cones and give rise to a variety of astonishing
characteristics and effects, [67] such as the anomalous quantum Hall effect [3, 4] and
the ballistic transport of charge carriers at room temperature.[68]

As will be presented in section 3.1 the coupling between the Dirac electrons and
graphene phonons yields a sizable increase in the differential conductance when in-
elastic tunneling occurs. Figure 2.5(d) shows the calculated phonon dispersion of
pristine graphene together with electron energy loss spectroscopy (EELS) data of
weakly-coupled MLG/Ir(111).[64] In this thesis, the optical and acoustic out-of-plane
phonons (ZO and ZA branches) as well as the transverse acoustic mode (TA) are
examined with IETS. They exhibit a flat dispersion in the proximity of the M point,
which entails a comparably large phonon DOS, making them particularly relevant for
inelastic electron transport. When pristine graphene is placed on metal substrates,
its phonon dispersion is altered. Well-known effects are the emergence of additional
Kohn anomalies due to electron-phonon coupling, [69] but also the weakening [64] or
complete suppression [70] of existing Kohn anomalies. Other examples include the
lifting of the ZA/ZO degeneracy at K/K 0 [70] and the emergence of phonon replica
bands due to moiré patterns.[71] Most of these changes in the phonon dispersion are
governed by the graphene–substrate hybridization, by screening effects, [64] or by the
reduced symmetry of graphene on a metal surface.[70, 72]

2.3.2 Metal Substrates

All three substrates used in this work – Ir(111), Ru(0001), and Pt(111) – are tran-
sition metals with partly filled d-orbitals. Besides Ru being a hcp crystal, while
Ir and Pt arrange in fcc structure, the main difference between these substrates is
their binding strength with graphene along with accompanying effects on topography,
electronic band structure, and phonon dispersion. Table 2.2 summarizes important
topographic and electronic characteristics of the three graphene/substrate systems to
provide a basis for understanding the experimental data presented in the following
chapters. Ir(111) and Pt(111) interact only weakly with graphene. In both cases a
marginal p-doping occurs [Table 2.2]. For Ru(0001) on the other hand, the coupling
to graphene is strongly site-dependent.[10, 80] In regions of the moiré pattern, where
carbon hexagons are centered above substrate hollow sites, the Ru 4d-bands hybridize
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Ir(111) Ru(0001) Pt(111)
lattice constant 2.715Å 2.706Å 2.775Å

interaction weak strong very weak
moiré corrugation 0.3Å [73, 74] 0.82Å [11] 0.53Å [75]
binding distance 3.77Å [73] 2.0Å [76] 3.3Å [77, 78]
shift of Dirac cone +0.1 eV [79] +0.3 eV� [11] +0.3 eV [78]

Table 2.2: Comparison of the three prepared graphene/substrate systems: substrate
lattice constant, graphene-substrate interaction strength, geometric MLG moiré cor-
rugation, minimum binding distance between graphene and substrate in the moiré
unit cell, shift of the Dirac cone. *For Ru(0001) the given value corresponds to the
on-top sites of the moiré pattern. Elsewhere the strong hybridization of the π-bands
disrupts the Dirac cone.

strongly with the graphene π-bands. This gives rise to a band gap of ≈ 2 eV at K/K 0

and a downshift of the π-bands to higher binding energies. In the on-top sites of the
moiré pattern, where carbon hexagons are centered above Ru atoms, the graphene is
well decoupled and the Dirac cone intact.[10, 11]

All three substrates have advantages and disadvantages regarding research and
potential applications of graphene. Ir(111) offers the growth of a single orientati-
onal domain of weakly-coupled graphene but lacks convenient growth methods for
graphene multilayers. These can be prepared readily on Ru(0001) at the price of a
strongly hybridized bottom graphene layer. In this work, a CVD-based preparation
method for well decoupled bilayer graphene on Pt(111) is presented (chapter 4).

2.4 Analysis of Moiré Patterns
Reproduced in part with permission from

Phys. Chem. Chem. Phys., 21: 3140-3144, 2019.
Copyright 2019 Royal Society of Chemistry.

Moiré patterns are spatial beating patterns generated by the superposition of two or
more lattices of different orientations or different spatial periods. They often occur
when graphene overlayers are supported by a substrate or by other layered materials
[Fig. 2.6(a)]. Inside the moiré unit cell, there are regions of distinct local stacking,
e.g., carbon hexagons sitting on top of substrate atoms or in hcp or fcc hollow sites of
fcc(111) surfaces. These different sites of the moiré pattern induce a periodic modi-
fication of the graphene–substrate interaction. The corrugation observed on a moiré
pattern increases with the interlayer coupling [8, 40] and the induced superstructure
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impacts the electronic [79] and vibrational properties [71] of graphene. Typical spa-
tial periods of graphene moiré patterns are on the scale of few nm. In combination
with measured orientations of the moiré and the topmost surface layer, they provide
information about the atomic layers beneath the observable graphene sheet. Moreo-
ver, even small changes in the stacking of the contributing lattices are magnified in
the moiré pattern, which makes it a valuable indicator for disturbances like strain,
defects, and domain walls.[81, 82]

2.4.1 Monolayer Graphene

The reciprocal lattice vectors of substratea ksub, graphene kC, and moiré pattern km

form a triangle following the relation [83, 84]

km = kC − ksub (2.4)

as shown in Fig. 2.6(b). Their magnitudes k = |k| are defined as ksub = 1/asub,
kC = 1/aC, km = 1/am with the spatial periods asub, aC, am of substrate, graphene,
and moiré, respectively. The three angles of the triangle are the twist angle θ =
∠(kC,ksub) between graphene and substrate, the angle between moiré and substrate
σ = ∠(km,ksub), and between moiré and graphene  = ∠(km,kC). All of them are
defined as the smallest angles enclosed by the respective lattice orientations and,
due to the hexagonal symmetry of the contributing lattices, limited to the interval
[−30◦, 30◦].

From this triangle, the lattice constants and orientations of the moiré and its
contributing lattices can be analyzed or predicted. Strain may be included explicitly
through a scaling factor for the respective lattice constant. For MLG, the expected
evolution of am with the twist angle θ is useful for comparison with experimental
data and is readily derived by applying the law of cosines, which yields

am =
(s

1
a2

C
+ 1
a2

sub
− 2 cos θ
aC � asub

)−1

. (2.5)

aOnly substrates with surface layers of hexagonal symmetry are considered and relevant for the
presented experiments.
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Figure 2.6: Illustration of the moiré analysis. (a) Example of a moiré pattern ge-
nerated by MLG on a substrate. The varying contrast is due to regions of locally
different stacking. Orientations are labeled m, sub, C for moiré, substrate, and
graphene, respectively. (b) MLG: Triangle formed by the three lattice vectors with
defined angles. (c) BLG: Characterization of the bottom graphene layer based on
the moiré caused by the graphene–substrate interface (GSI) and, therefore, without
contribution of the top graphene layer. Lattice constant aC,b and twist angle θ are
determined based on given am, σ, and asub. Six moiré orientations defined by σ̃n are
experimentally indistinguishable due to the hexagonal symmetry of the contributing
lattices. Symmetry axes of moiré and graphene are indicated by dashed lines. Out of
the six possible constellations (black dots), the scenario yielding the smallest strain
in graphene is considered most plausible. (d) BLG: Triangle of lattice vectors for
a moiré pattern caused by the graphene–graphene interface (GGI) of twisted BLG.
Indices t and b denote top and bottom graphene layer, respectively.

2.4.2 Bilayer Graphene: Characterization of the Bottom Layer

For a moiré pattern observed on BLG, there are two possible origins.b It can either be
caused by (i) the graphene–substrate or (ii) the graphene–graphene interface. Both
cases have been reported [40, 85, 86] and need to be considered. In the following,
it is shown how for both scenarios the lattice constant aC,b and the respective twist
angle of the “hidden” bottom graphene layer can be obtained. For the analysis of the
various MLG and BLG moiré patterns that occurred in the presented experiments,
the described algorithms have been implemented in MATLAB scripts.

bMore complex situations like moiré patterns caused by other moiré patterns are not considered
here.
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(i) Graphene�Substrate Interface (GSI)

In this case, the unknown parameters are aC,b and the twist angle θ between bottom
graphene layer and substrate. Experimentally determined values for am and σ are
available.c The substrate lattice constant is assumed fixed to the literature value or
measured independently. Due to the hexagonal symmetry of the contributing layers,
there are six moiré orientations that are indistinguishable in the experiment but can
be defined by virtual moiré angles σ̃n [Fig. 2.6(c)] with σ̃n = σ+n�60◦ (n = 1, 2, ..., 5).
Each σ̃n corresponds to a different solution (aC,b, θ), where

aC,b =
(s

1
a2

sub
+ 1
a2

m
+ 2 cos σ̃n

asub � am

)−1

. (2.6)

The solution with minimal strain a�C,b in the graphene is considered most plausible
and the corresponding twist angle θ� is determined by

sin θ� =
a�C,b

am
sin σ̃�n. (2.7)

It should be noted that the presented path is not the only option to determine
characteristics of the bottom graphene layer. Instead of basing the calculations on
the angle σ, one could perform a very similar analysis with the measured  as starting
point – or even with both, leaving the substrate lattice constant variable, too [see
Figs. 2.6(b,c)]. However, the differences between these methods are marginal for
sufficiently precise measurements of the angles and the moiré spatial period.

(ii) Graphene�Graphene Interface (GGI)

For the comparison to experimental data, the spatial period of moiré patterns gene-
rated by two twisted graphene layers (twist angle #) can be calculated analogously
to Eq.2.5

am =
0@√√√√ 1

a2
C,b

+ 1
a2

C,t
− 2 cos#
aC,b � aC,t

1A−1

(2.8)

with aC,t denoting the lattice constant of the top graphene layer.
The bottom graphene layer can be characterized using a similar algorithm as des-

cribed in the previous section. Here, instead of the substrate, the top graphene layer
takes the role of the fixed reference lattice with known spatial period aC,t and orienta-

cThe substrate orientation can be determined from edge dislocations or step edges.
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tion.d The experimentally determined angle between moiré lattice and top graphene
orientation is % = ∠(km,kC,t). The triangle of lattice vectors containing all relevant
quantities is shown in Fig. 2.6(d). Again, six solutions defined by virtual moiré angles
%̃n are possible for aC,b

aC,b =
0@√√√√ 1

a2
C,t

+ 1
a2

m
+ 2 cos %̃n

aC,t � am

1A−1

. (2.9)

The twist angle between the two layers is given by the solution a�C,b corresponding to
the lowest strain. Following Eq. 2.7 yields

sin#� =
a�C,b

am
sin %̃�n. (2.10)

dThroughout this work, atomic resolution on BLG has been achieved much more easily than on
MLG. Its lattice constant agrees extremely well with the literature value indicating the absence
of strain.
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3 Understanding and Engineering
Inelastic Excitations in Graphene

The invention of the STM in the early 1980s [87, 88] has added new value to ine-
lastic electron tunneling spectroscopy (IETS), which was originally developed 1966
in metal-insulator-metal junctions.[89] Inelastic signals have since been spatially re-
solved at the nanoscale, e.g., on single molecules. IETS spatial mapping [51] yields
insight in molecule configuration and adsorption geometry, and contributes to the
understanding of fundamental mechanisms in inelastic electron tunneling. While
differential conductance increases induced by molecular vibrational quanta are ty-
pically in the range of only few percent, [23] recent IETS studies of graphene have
revealed huge vibrational signals leading to changes in the dI/dV by more than
100%.[22, 24, 26–28] However, at present the occurrence of graphene phonon signals
in IETS is far from being understood. This chapter presents two experiments that
contribute to a progress in this regard. In the first experiment intercalation is applied
as a tool to study inelastic excitations in graphene on Ir(111) using varying types and
coverages of intercalants. In combination with accompanying transport calculations
these experiments give a general insight into the inelastic tunneling into graphene and
the impact of certain interface properties. In the second section, spatially resolved
IETS on monolayer and bilayer graphene on Ru(0001) is performed. The obtained
data hint at a spatial variation of the electron-phonon coupling in the moiré unit cell
and provide a basis for further experiments and calculations.
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3.1 Phonon-Mediated Tunneling into Intercalated
Graphene on Metal Surfaces

Reproduced in part with permission from
Nano Lett., 18(9): 5697–5701, 2018.

Copyright 2018 American Chemical Society.
Theoretical support was provided by Mads Brandbyge from the Technical

University of Denmark, Department of Micro- and Nanotechnology.

Metal-intercalated graphene on Ir(111) exhibits clear phonon signatures in IETS with
strengths that depend on the intercalant. Extraordinarily strong graphene phonon
signals are observed for Cs intercalation. Li intercalation likewise induces clearly
discriminable phonon signatures, albeit less pronounced than observed for Cs. The
signal can be finely tuned by the alkali metal coverage and gradually disappears upon
increasing the junction conductance from tunneling to contact ranges. In contrast to
Cs and Li, for Ni-intercalated graphene the phonon signals stay below the detection
limit in all transport ranges. Going beyond the conventional two-terminal approach,
transport calculations provide a comprehensive understanding of the subtle interplay
between the graphene–electrode coupling and the observation of graphene phonon
spectroscopic signatures.

3.1.1 Introduction

Inelastic electron tunneling spectroscopy with a STM has so far been used to explore
phonons of graphene on semiconducting or nearly insulating substrates including SiC,
[22] SiO2, [24, 26] and SiO2 covered with hexagonal boron-nitride.[27, 28] However,
only recently have first reports of IETS phonon signals from graphene on metals been
published. They examined delaminated graphene nanostructures on Pt(111) [29] and
Ir(111).[25] All these reports convey the general impression that nearly free graphene,
i. e., a weak graphene–substrate hybridization, favors the conservation of the genuine
graphene electronic structure and the concomitant phonon-mediated tunneling.[22,
24–29] Yet in some tunneling spectroscopy studies of exfoliated graphene on SiO2

phonon signatures were not observed.[90, 91] To date, experiments and simulations
have solely considered the weak hybridization limit. Moreover, the coupling between
graphene and adjacent electrodes has not been modeled explicitly. Therefore, the
relation between the signal strength of graphene phonon signatures in IETS and the
graphene–electrode coupling has remained elusive.
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This section presents a combination of IETS experiments and transport calcu-
lations, which unambiguously unveils the intimate relation between the covalent
graphene–electrode coupling and the IETS signal strength of graphene phonons. In
contrast to previous work, [22, 24–29, 40] graphene-covered Ir(111) intercalated by
Cs, Li, or Ni represents an all-metal complex in which the graphene–substrate inte-
raction is tailored by the chemical nature and the amount of the intercalant. Trans-
port calculations based on density functional theory (DFT) using a multi-electrode
setup enable the analysis of the branching of the electron current from the STM tip
into graphene and the substrate. The DFT findings are translated into a simplified
two-level model that provides an intuitive understanding of the relation between the
graphene–electrode hybridization and the effective phonon excitation.

3.1.2 Experimental Details

Sample preparation and STM measurements were performed as described in chap-
ter 2. Only for the data presented in Fig. 3.2(b) was Li evaporated onto the hot
sample at a temperature of 630K. The Li coverage was then progressively increased
by deposition of additional Li. Tips were fabricated from chemically etched W wire
coated in situ with Au. Intercalant coverages Θ were determined by measuring the
fraction of covered surface area in STM images and multiplying it with the fraction
of carbon rings occupied with intercalant atoms. Based on the known atomic ar-
rangement of the intercalated species, this fraction is 33 % for (

√
3 ×
√

3)R30◦ Li
[92] and 50 % for (2 × 2) Cs.[15] The highest coverage of the Li-intercalated sample
was estimated from the evaporation time and rate based on a calibration at lower
coverage data.

3.1.3 Results and Discussion

Topography

Intercalation of monolayer graphene (MLG) on Ir(111) with Cs [Fig. 3.1(a)], Li
[Fig. 3.1(b)], and Ni [Fig. 3.1(c)] leads to the formation of intercalant islands of mo-
natomic height beneath the graphene sheet. With respect to the honeycomb lattice of
graphene, Cs intercalates with (2×2) and Li with (

√
3×
√

3) R30◦ superstructure.[15,
92] For Ni intercalation, previous experiments indicated a pseudomorphic growth on
Ir(111).[20] Due to the varying hybridization of the intercalant layers with graphene,
the corrugation of the moiré pattern changes on the intercalated islands compared
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(a) (b) (c)

Figure 3.1: Constant-current STM images (V = 120mV, I = 100 pA) of graphene-
covered Ir(111) intercalated by (a) Cs (100 × 100 nm2), (b) Li (50 × 50 nm2), (c) Ni
(40× 40 nm2). Insets to (a)–(c): Close-up views (5.5× 5.5 nm2). In (b), (c) graphene
moiré patterns are visible. The apparent height scale of the insets ranges from 0 pm
to (a) 10 pm, (b) 30 pm, (c) 150 pm.

to pristine MLG/Ir(111) areas, which display a corrugation of 19± 1 pm.[92] At the
same tunneling parameters the corrugation of Cs-intercalated graphene is below the
resolution limit of the STM, while Li and Ni intercalation yield a peak-to-peak cor-
rugation of 9 ± 1 pm and 105 ± 3 pm, respectively. Since the buckling of graphene
caused by the moiré pattern is as a qualitative measure of the graphene–substrate
hybridization, [8, 20] graphene on Cs may be classified as well decoupled, shows a
weak substrate coupling when intercalated with Li, and is strongly hybridized with
the Ni film.

Impact of Different Intercalants

All three samples were characterized by IETS. The first clear observation is a gap-
like feature, symmetrically positioned around zero bias, in the obtained g := dI/dV
spectra of Cs and Li intercalated graphene [Fig. 3.2(a) upper panel]. Here, abrupt
increases of g(V ) occur at ±56mV and ±75mV. On the Cs-intercalated sample they
give rise to an enhancement of g to roughly 200 % of the differential conductance at
zero bias, g(0). These changes are assigned to out-of-plane and transverse acoustic
(±56mV), and out-of-plane optical (±75mV) graphene phonons from the proximity
of theM point of the surface Brillouin zone [inset to Fig. 3.2(a)], where the respective
dispersion branches are comparably flat (Fig. 2.5). This is in accordance with previous
results reported for graphene wrinkles.[25] For Li-intercalated graphene, the same
phonon spectroscopic signatures are visible, albeit to a smaller extent. Here, g is
increased to ≈ 140 % of g(0) at a Li coverage of Θ = 0.27ML. Ni-intercalated
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Figure 3.2: (a) Top panel: g := dI/dV spectra of the intercalated samples, norma-
lized to the zero-bias differential conductance, g(0). Cs and Li data exhibit step-like
signatures that are ascribed to the excitation of graphene phonons, while Ni data
are essentially featureless. Inset: Surface Brillouin zone of graphene with indicated
high-symmetry points. Bottom panel: Numerical derivative (dg/dV ) of the spectra
in the top panel. (b) Phonon-induced change in dI/dV (∆g) divided by the zero-
bias differential conductance g(0) as a function of the Li coverage Θ. (c) Spatially
resolved g(V ) spectra for a Li coverage of 0.15ML. Inset: STM image (180mV,
100 pA, 20×20 nm2) of Li-intercalated graphene with indicated spectroscopy probing
positions. The phonon-induced gap is best seen above intercalated regions (red and
dark yellow circles and lines), while it virtually disappears above regions without
intercalant (green and blue circles and lines).

graphene, however, does not reveal any discernible variations in g(V ) caused by
phonon excitations.
Second, the phonon-induced changes in dI/dV may be controlled to some extent

by the coverage of the intercalant. For Li we found that in the low submonolayer
range relative changes, ∆g/g(0), are ≈ 17 % and increase up to ≈ 70 % for the densely
packed Li film [Fig. 3.2(b)]. The formation of compact Cs islands even at low coverage
hampered similar measurements for Cs-intercalated graphene.
Third, for all three samples a dependence of the spectra on the tip position over

the intercalated graphene regions was not discernible. Figure 3.2(c) demonstrates at
the example of the Li-intercalated sample that graphene phonon signals are absent
on flat graphene on Ir(111) and exclusively appear above the nanostructures formed
by the intercalant.[92] In these intercalated regions, dI/dV spectra were virtually
identical. Only at the very edges of the nanostructures the phonon signals vanished
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quite abruptly.

Transport Calculations

In order to thoroughly understand the experimental results, transport calculations
based on DFT were performed.a They reveal the role of the different intercalants
and the graphene–substrate as well as the graphene–tip coupling in the IETS signal
strength for graphene phonons. In the following, tip and substrate will often be re-
ferred to as electrodes for simplicity. The setup for the calculations is illustrated in
the inset of Fig. 3.3(a) at the example of Cs-intercalated graphene. The substrate
consists of four Ir(111) layers and for graphene a (6 × 6) unit cell was used with a
2 × 2 k-point sampling. The Ir slab was kept fixed and strained by ≈ 2 % to ma-
tch the graphene unit cell dimensions, while the intercalant (Cs or Li) and graphene
were relaxed. Both alkali metals give rise to a considerable n-doping of graphene
corresponding to a Fermi energy of εF ≈ 1 eV. The tip was modeled as a Au py-
ramid attached to a bulk Ir electrode. The relaxed structures served as an input to
subsequent nonequilibrum Green function (NEGF) calculations.

Remarkably, the standard approach with Γ-point approximation, two terminals –
tip and substrate – and periodic boundary conditions in the transverse directions
does not reproduce the experimental data well. It yields vanishingly small inelas-
tic signatures in the current, even for Cs [Fig. 3.3(a), bottom data set]. However,
introducing graphene self-energies, which is equivalent to attaching a third termi-
nal that collects electrons propagating in graphene alone, allows for an improved
modeling of the electron transport in graphene.[93] The added graphene terminal
circumvents the limited resolution of a discrete k-point sampling and results in a
substantial enhancement of the phonon signatures. In addition, with this setup the
current branching into metal substrate and into graphene can be determined. The
calculated g(V ) spectra in Fig. 3.3(a) demonstrate that the three-terminal model can
qualitatively reproduce the experimental findings for MLG/Ir(111) intercalated by
(2 × 2) Cs and (

√
3 ×
√

3) R30◦ Li. Quantitatively, the same order of magnitude
for the phonon-induced changes in g/g(0) is calculated, although they exceed the
experimental values.

An analysis of relevant graphene phonon modes in the calculations is shown in
Fig. 3.3(b,c). The main contributions stem indeed from the flat dispersing out-of-
plane bands between M and K, but the symmetry breaking by the substrate also

aDetails of the calculation can be found in the appendix section A.
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Figure 3.3: (a) Calculated g/g(0) for graphene on Ir(111) intercalated by (2×2)−Cs
and (

√
3×
√

3) R30◦−Li superlattices in the three-terminal setup. In the conventio-
nal two-terminal approach (calculated for Cs, bottom curve) IET signals are virtually
absent. Inset: Setup for the calculations indicating (arrows) the presence of three ter-
minals that collect propagating electrons in the tip, substrate, and graphene. (b) The
graphene Brillouin zone with high-symmetry points Γ, M , K is spanned by recipro-
cal lattice vectors b1 and b2. Dots mark the k-points of the (6 × 6) supercell. The
k-point marked with a yellow circle is contributing to the inelastic signals besides M
and K. (c) Contributing phonon modes of graphene. Black (gray) bands depict the
effective dispersion of out-of-plane (in-plane) phonons. Circles are placed at the pho-
non energy ~ω with a radius indicating the IETS signal strength. The contributions
in yellow stem from the k-point marked in (b). Only phonon modes with strongest
contributions are shown. (d) Simplified model of the electron transport in the three-
terminal setup. The tip couples to graphene σ-states with energy εσ at Γ with a
coupling constant Γt. The hybridization of graphene to the substrate is mediated
by σ-states with strength Γσ and by π-states with strength Γπ. π-states occur at K
with energy εF (Fermi energy). σ and π-states are coupled by the electron-phonon
interaction λ.

yields few contributions shifted away from these. Overall this is in good agreement
with a recent theoretical model put forward to describe phonon-mediated tunneling
into pristine graphene.[25, 30] For the analysis, the phonon modes of the (6×6) grap-
hene supercell used in the calculations have been projected onto the effective phonon
dispersion of the pristine graphene unit cell. The approximate effective phonon band
dispersion was formed by averaging the supercell dynamical matrix over unit cells se-
parated by linear combinations of the primitive real space unit vectors. This approach
was inspired by previous work on the effective band structures of alloys.[94]
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Two-Level Model

The findings based on density functional and transport calculations can be illustrated
in a simple two-level model [Fig. 3.3(d)]. This model explains the inelastic electron
transport from the STM tip via the intercalated graphene into the substrate. It
involves the first unoccupied σ-band of graphene with energy εσ at Γ and a graphene
π-state with energy εF (Fermi energy) at K, similar to a previous approach.[30] The
coupling of these states to the metal substrate is modeled by inverse lifetimes, Γσ
and Γπ, where Γσ > Γπ due to the long range of σ.[95] Additionally, the σ-state is
coupled to the tip with Γt. Electrons injected from the tip into σ can either directly
continue to the substrate, which constitutes the elastic transport channel, or take
the detour via π through electron–phonon coupling with strength λ. In this purely
inelastic transport channel a phonon with energy ~
 is excited. For ~
 � Γπ the
relative conductance increase due to the phonon excitation can be expressed as

∆g
g(0) = 4λ2

Γπ
�
� 1

Γt
+ 1

Γσ

�
. (3.1)

in the lowest-order expansion of the electron–phonon coupling and in the wide-band
approximation.[96, 97] In the tunneling range (Γσ � Γt) this expression may be
further simplified to

∆g
g(0) = 4λ2

ΓπΓt
. (3.2)

Thus, for similar Γt and comparable λ, the IETS signal is controlled by Γπ. Equa-
tions 3.1 and 3.2 offer an intuitive explanation of the intercalant-dependent phonon
signal intensity as well as the evolution of ∆g/g(0) with Li coverage. Moreover, the
IETS signal strengths of graphene phonons on other surfaces [22, 24–29, 40] may be
understood, too. These aspects are addressed in the following.

A reduction of the coupling Γπ between graphene and substrate corresponds to
a longer lifetime of the π-state, which evokes a stronger interaction of π-electrons
with graphene phonons and, therefore, enhances the IET signals. Thus, based on
the experimental data [Fig. 3.2(a)] it can be concluded that graphene on the Cs-
intercalated samples is less hybridized with the metal than on Li-intercalated samples,
which is also consistent with the essentially vanishing moiré corrugation of graphene
atop the Cs layer [Fig. 3.1(a)]. In Ni-intercalated MLG/Ir(111) on the other hand
the graphene π-states are strongly hybridized with Ni 3d bands, [20] which in the
simple model is reflected by a very large Γπ. As a consequence, the interaction of
the π-electrons with graphene phonons is reduced and renders the inelastic channel
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inefficient. Here, the current flows mainly through the elastic channel, i.e., directly
into the bulk of the metal substrate and the phonon signatures vanish from the
spectra.

The increase in ∆g/g(0) with Li coverage Θ [Fig. 3.2(b)] is likely due to a simi-
lar mechanism. A higher coverage of the Li intercalant progressively reduces the
graphene-substrate coupling, Γπ, and concomitantly yields larger graphene phonon
signals. Here, an additional effect is the charge transfer from Li to graphene, which
leads to n-doping and may promote the phonon signal intensity by enhancing the
density of states at the Fermi energy.[24, 26–28] The experimental data shows that
even on the densely packed Li film (global coverage, ≈ 0.6ML), the IETS intensity
is still well below that of the Cs-intercalated sample [Fig. 3.2(a,b)]. Since Li and
Cs provide similar doping at equal coverage [98] this observation cannot be explai-
ned by the charge carrier density alone, contrary to previous results, [24, 26–28] and
demonstrates the necessity of a comprehensive description.

The model presented here can likewise explain the extraordinarily strong phonon
signals observed from graphene on insulating and semiconducting surfaces, [22, 24,
26–28] graphene blisters on Pt(111) [29] and Ir(111),[25] and from graphene bilayers
on Ir(111).[40] The common characteristic in all these systems is the low substrate
LDOS at the Fermi energy at the location of the (topmost) graphene layer. The
resulting weak hybridization of graphene with substrate states at the Fermi energy
yields not only a small Γπ, but a reduced Γσ, too. This scenario corresponds to Γσ ≈
Γt ≈ Γπ (Eq. 3.1). With all lifetimes of the relevant electronic states being comparably
large, the interaction with phonons is now vastly enhanced. In the picture of tunneling
channels, an efficient inelastic transport is combined with a small elastic current and
leads to exceptionally large IETS signal intensities. Applied to the experimental data
presented here and in previous reports, the presented model demonstrates how Γπ
and Γσ act as control parameters that tune the efficiency of the elastic and inelastic
tunneling pathways. Thus, they regulate the intensity of graphene phonon signals in
IETS.

The occasional absence of phonon spectroscopic signatures in dI/dV spectra obtai-
ned for exfoliated graphene on SiO2 [90, 91] may be caused by a substantial disorder
potential that is caused by charged impurities and single-electron charging effects at
the graphene–SiO2 interface.[91] The breaking of the graphene lattice symmetry in
such weak-disorder systems enables elastic tunneling directly into graphene.[99] As
a secondary effect, upon symmetry breaking the momentum conservation is lifted
and phonon modes from different regions of the surface Brillouin zone may contri-
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bute to the phonon-mediated channel, which lowers the resolution of distinct phonon
signatures in the IETS.

Contact Experiments

Furthermore, there is a third relevant coupling constant, Γt, that contributes to the
magnitude of the phonon signatures. Experimentally, this parameter is accessible
by, e.g., varying the tip-sample distance. Figure 3.4(a) shows g(V ) spectra obtained
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Figure 3.4: (a) Experimental dI/dV (g) spectra of Li-intercalated graphene for in-
creasing (bottom to top) junction conductance showing the progressive quenching of
the graphene phonon gap. Closely spaced spectra reflect data acquired at tip appro-
ach and retraction. (b) Junction conductance G as a function of the tip displacement
∆z with zc the contact point (dashed line). ∆z = 0 pm is defined by 120mV, 100 pA.
Each dot marks the junction conductance at which spectra in (a) were acquired.

in such a measurement on MLG/Ir(111) intercalated with Li. The respective data
for Cs intercalation is depicted in Fig. 3.5(a). With increasing junction conductance,
G := I/V , from tunneling to contact ranges, the relative change in g(V ) upon phonon
excitation is lowered. At contact [topmost data sets in Figs. 3.4(a) and 3.5(a)] the IET
signatures of graphene phonons have essentially disappeared, which is in agreement
with previous findings for graphene wrinkles on Ir(111).[25]

The three different transport ranges are best visualized in the evolution of G with
the tip displacement ∆z [Figs. 3.4(b) and 3.5(c)]. With decreasing tip-sample separa-
tion the tunneling range, the transition range as indicated by the arrow in Fig. 3.5(c),
and the contact range are reached successively. The displacement for contact forma-
tion, zc, is defined by the intersection of exponential fits to conductance variations
in the transition and contact ranges.[100, 101] Similar evolutions of the conductance
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were reported for graphene on Ru(0001).[102] Dots in Figs. 3.4(b) and 3.5(c) mark
the setpoints, at which the feedback loop was deactivated during the acquisition of
spectra. The experimentally observed quenching of phonon signatures is well cap-
tured by the three-terminal transport calculations as depicted in Fig. 3.5(b) for Cs-
intercalated MLG/Ir(111).
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Figure 3.5: (a) Experimental g(V ) spectra of Cs-intercalated graphene for incre-
asing (bottom to top) junction conductance showing the progressive quenching of
the graphene phonon gap. Closely spaced spectra reflect data acquired at tip ap-
proach and retraction. (b) Simulated g(V ) spectra of Cs-intercalated graphene in
the three-terminal model for junction conductances of 0.004 G0, 0.02 G0, 0.1 G0, 0.6
G0 (bottom to top). (c) Junction conductance G as a function of the tip displace-
ment ∆z with zc the contact point (dashed line). ∆z = 0 pm is defined by 120mV,
100 pA. The arrow indicates the transition from tunneling (∆z < 365 pm) to contact
(∆z > 486 pm). Each dot marks the junction conductance at which spectra in (a)
were acquired. (d) Phonon-induced relative changes, ∆g/g(0), for Cs (dots) and Li
(squares) as a function of zc − ∆z covering the range from tunneling to contact for
both samples. The respective onsets zT of the transition from tunneling to contact
are indicated by dotted lines. (e) Relative contribution (gGr/g) of the graphene ter-
minal to the total calculated differential conductance g for junction conductances as
in (b).

A comparison of the evolution of ∆g/g(0) with junction conductance for graphene
intercalated with Cs and Lib is shown in Fig. 3.5(d). Throughout all conduction ran-
ges, the Cs-intercalated sample exhibits larger IETS signals than the Li-intercalated
one. Since this difference cannot be rationalized in terms of a variation in the tip-

bThe Li coverage is 0.27 ML as in Fig. 3.2(a)
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sample distance alone, the stronger (weaker) phonon signal intensity of graphene
intercalated with Cs (Li) is indeed caused by a smaller (larger) graphene–substrate
coupling, respectively.

A close inspection of Fig. 3.5(d) reveals that the quenching of ∆g/g(0) in contact
compared to the tunneling range is approximately twice as strong for Cs as for Li.
Based on Eq. 3.1, such different evolutions of ∆g/g(0) with the tip-sample separation
can be traced to varying distance dependencies of the three coupling constants Γσ,Γπ,
and Γt. During the tip approach, Γσ and Γπ may be slightly reduced if graphene is
locally detached from the surface due to the proximity of the tip. In previous contact
experiments reported for graphene on Ru(0001) [102] and on Ir(111) [103] the elastic
lifting of graphene was inferred from the gradual transition from tunneling to contact
ranges in conductance-versus-distance data. Such concomitant changes of Γσ and
Γπ with tip-sample separation are expected to vary depending on the intercalant
but would enhance the IETS signals as described above. Instead, the quenching of
∆g/g(0) seen in the experimental data indicates a dominating role of Γt when the
tip-sample distance is lowered as rationalized in the following.

Upon tip approach the growing van der Waals interaction between tip and grap-
hene [103, 104] increases Γt, which enhances both tunneling channels. However, since
Γσ > Γπ � ~
 the elastic channel is dominant and the ratio of inelastic to elastic
currents decreases, and so does ∆g/g(0). The diminishing phonon signal intensity
with tip-sample distance is, thus, included in Eqs. 3.1, 3.2 of the simple two-level
model. As an additional effect, starting from the transition range the elastic defor-
mation of graphene upon tip approach gradually induces a local symmetry breaking.
As described above, the consequences are an enhanced elastic current into grap-
hene and the contribution of many more phonon modes due to the lifted momentum
conservation.[25, 105] The analysis of the current branching corroborates this aspect.
Figure 3.5(e) depicts the contribution of the graphene terminal to the total conduc-
tance for increasing junction conductances. It shows, that the current flowing into
the graphene terminal is indeed rapidly increasing at closer tip-sample separation.

3.1.4 Conclusions

In conclusion, strong graphene phonon signals induced by the intercalation of grap-
hene on Ir(111) with Cs and Li were observed in IETS with an STM. The intensity of
those signatures was tuned by the intercalant coverage as well as by the tip–surface
separation ranging from tunneling to contact. Our experimental data laid the basis

30



for developing a general picture of inelastic electron transport across graphene on
surfaces. Model calculations based on a three-terminal setup show how the electronic
(covalent) coupling of graphene σ and π-states with adjacent electrodes – tip and
sample – regulates the current branching across the tunneling junction into elastic
and inelastic transport channels. We anticipate the general applicability of the pro-
posed model description to akin two-dimensional materials, which are in the focus of
current research.

3.2 Local Phonon Probes and Alkali Metal
Intercalation of Monolayer and Bilayer Graphene
on Ru(0001)

Reproduced in part with permission from
Langmuir, 35(7): 2554–2560, 2019.

Copyright 2019 American Chemical Society.

Monolayer graphene (MLG) and bilayer graphene (BLG) on Ru(0001) have been stu-
died by STM and spatially resolved IETS. The topographic data corroborate that the
observed moiré patterns in BLG areas are induced by the interface of the strongly
bound bottom graphene sheet and the metal surface. Signatures of graphene pho-
nons are probed at different high-symmetry locations of the moiré unit cells of MLG
and BLG. Spatial variations of the graphene–substrate and the graphene–graphene
coupling manifest in the phonon signal intensity.

3.2.1 Introduction

The stacking of graphene layers has attracted considerable interest, primarily due to
the strong dependence of the electronic structure on the twist angle between adja-
cent layers, which determines the interlayer coupling.[106] While chiral massive Dirac
fermions occur in Bernal-stacked bilayer graphene, [107, 108] a finite twist between
the graphene sheets gives rise to coexisting massive and massless Dirac fermions.[109]
Moreover, the interlayer coupling yields unique characteristics in the BLG band struc-
ture like angle-dependent van Hove singularities [110, 111] and moiré bands [112, 113]
that cause the Dirac velocity to oscillate with the twist angle and vanish at certain
magic angles.[112]
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Compared to the vastly investigated electronic structure of bilayer graphene, its
lattice dynamics have been examined only in few theoretical [32, 33] and experimen-
tal works, mostly using Raman spectroscopy.[34–37] Recent IETS experiments on
BLG/Ir(111) have reported phonon excitations in BLG but not MLG areas.[40] Site-
specific BLG phonon excitations have remained virtually unexplored to date. There
are, however, two reports on graphene phonon excitation at different moiré regions
of a monolayer of graphene on Ru(0001) probed with IETS [38] and inelastic atom
scattering.[39] The signal intensity variation of a different phonon with the moiré sites
reported in reference [38] agrees well with our measurements on MLG. The observa-
tions on BLG can in part be explained by the simplified two-level model presented
in the previous section.

3.2.2 Experimental Details

Sample preparation, STM and IETS measurements were performed as described in
chapter 2. Tips were cut from high-purity Au wire.

3.2.3 Results and Discussion

Topography

Figure 3.6(a) shows an STM image of the prepared graphene on Ru(0001). BLG
flakes typically extend over few 100 nm, often covering multiple terraces without
discontinuity. They are usually attached to steps of the Ru(0001) surface, which
act as nucleation sites for the segregation-based growth of graphene.[114–116] The
top graphene sheet is continuous from MLG to BLG regions. Both domains exhibit
well-ordered moiré superstructures with similar spatial periods of 3.02± 0.05 nm and
2.95 ± 0.06 nm, respectively [Fig. 3.6(b)]. This is in good agreement with previous
reports.[86, 102, 117–120]

The pronounced buckling of 112± 4 pm in MLG regions reflects mainly the actual
topography [10, 120, 121] and is caused by the strong hybridization of graphene π-
states with Ru d-bands.[10, 118] High-symmetry stacking regions (on-top, hcp, fcc)
of the moiré pattern are assigned based on their apparent height [10] and depicted
in Fig. 3.6(c). The angle enclosed by the moiré and the atomic MLG lattice is
4.1◦ ± 1.0◦. Consequently, the moiré analysis (section 2.4.1) yields a calculated twist
angle of 0.37◦± 0.09◦ between the MLG and Ru(0001) lattice, and a graphene lattice
constant of 0.248 nm, which corresponds to 0.6 % tensile stress. Similar conclusions
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Figure 3.6: Atomic and moiré lattices of monolayer and bilayer graphene on
Ru(0001). (a) STM image (300mV, 100 pA, 233 × 233 nm2) of Ru(0001) covered
with MLG and BLG. (b) Close-up view (150mV, 100 pA, 23 × 23 nm2) of a BLG
flake on MLG. The dashed (solid) line indicates the orientation of the MLG (BLG)
moiré lattice, respectively. (c) Detailed view of the MLG moiré pattern (200mV,
100 pA, 6.5 × 6.5 nm2). High-symmetry sites (on-top, hcp, fcc) of the moiré pattern
are labeled according to the position of the carbon hexagons regarding the Ru(0001)
substrate. (d) Atomically resolved BLG (200mV, 100 pA, 6.5× 6.5 nm2).

were drawn from earlier experiments and density functional calculations.[10, 86, 117,
119, 120, 122] On BLG flakes the moiré buckling is 119 ± 1 pm, which is similar to
the corrugation of MLG and in accordance with previous work.[118, 119, 121, 122]
The angle enclosed by the top graphene lattice [Fig. 3.6(d)] with the moiré pattern is
1.0◦±0.6◦, which corresponds to a lattice constant of 0.248 nm and a rotation angle of
0.33◦±0.08◦ with respect to Ru(0001) for the lower graphene layer (section 2.4.2, GSI).
These values are very close to those obtained for MLG. This corroborates that the
moiré pattern visible on the BLG flakes is most likely due to the strong hybridization
at the graphene–Ru(0001) interface.[85, 86, 121] Furthermore, the structure of the
segregated bottom graphene sheet in BLG is nearly identical with that of the MLG
lattice. Minor rotational misalignments between these two appear enlarged in the
resulting moiré patterns [83] as indicated in Fig. 3.6(b).
On BLG flakes some rather flat regions that do not exhibit a regular moiré su-

perstructure occur [Fig. 3.6(b)].[118] The origin of these missing moiré domains has
not been unveiled to date. However, since the top graphene layer is free of defects
[Fig. 3.6(d)], the graphene–Ru(0001) interface is the obvious starting point for an
explanation. Atomic defects in Ru(0001) or the bottom graphene lattice are suffi-
cient to change the registry of layers and, thus, to suppress the characteristic moiré
contrast. For instance, the frequently missing bright contrast in on-top regions of
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the MLG moiré pattern [dark spots in Fig. 3.6(a)] has been attributed to Ru(0001)
surface vacancies with possible O incorporation.[123] Alternatively, the missing moiré
domains in BLG may likewise be caused by carbidic surface structures [124] or imper-
fect carbon patches in the course of segregation leading to locally different stacking
of the graphene layers.[119]

Previous studies indeed reported the formation of additional extended BLG dom-
ains characterized by a much lower moiré corrugation (5 ± 2 pm in [119]) and ho-
neycomb contrast when elevated ethylene pressures were used in the preparation.
These domains were attributed to AA-stacked graphene bilayers.[119, 120] On our
sample other extended flat BLG flakes besides the comparably small missing moiré
domains did not occur – probably due to the used ethylene partial pressure being two
orders of magnitude lower. However, as characteristic for the reported AA-stacked
BLG the top graphene sheets on the corrugated BLG flakes produced here exhibit
a clear honeycomb lattice, too, indicating sublattice symmetry [Fig. 3.6(d)]. It ap-
pears, therefore, that a large/small corrugation alone is not sufficient to differentiate
between Bernal (AB) and AA stacking, respectively. Furthermore, slightly different
graphene orientations or minor strain always lead to BLG regions resembling AB or
AA stacking locally. For instance, a continuous alternation of such stacking sites has
been reported on strongly corrugated BLG/Ru(0001).[86]

Inelastic Electron Tunneling Spectroscopy

Figure 3.7(a) shows spatially resolved d2I/dV 2 spectra from different high-symmetry
sites of the MLG/Ru(0001) moiré lattice. The probing locations – on-top (red), hcp
(yellow), and fcc (green) sites – are marked in Fig. 3.7(b). Signals of inelastic excita-
tions occur as dip-peak pair in the hcp and fcc tunneling spectra and are absent at
the on-top site. The inelastic features at (±47.2± 1.5)mV and (±68.3± 1.0)mV are
assigned to, respectively, acoustic (ZA) and optical (ZO) out-of-plane phonon modes
from the branches between M and K points of the Brillouin zone. In comparison to
the data obtained on intercalated MLG/Ir(111) (ZA: ±56mV, ZO: ±75mV, section
3.1), both phonon energies are lowered by few meV. Such a downshift is characteris-
tic for strongly bound graphene as was demonstrated for epitaxial MLG/Ni(111).[70]
Especially the out-of-plane modes were shown to be affected by the formation of
graphene-substrate bonds, which are present in MLG/Ru(0001) at the hcp and fcc
sites.[10] As another consequence of the bonding to the substrate, the graphene su-
blattice symmetry is broken and the degeneracy of ZO and ZA branches at the K
point is lifted.[70] The MLG topographic data [Fig. 3.6(c)] corroborates this aspect
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since the honeycomb contrast, which signals sublattice symmetry, is only resolved
at the on-top sites of the moiré. Figure 3.7(c) shows a qualitative sketch based on
the experimental observations, which depicts a plausible ZO and ZA band dispersion
for the MLG/Ru(0001) hcp and fcc regions in comparison to the band dispersion of
pristine graphene, which is assumed for the top graphene sheet of BLG as reasoned
below.
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Figure 3.7: Spatially resolved IETS of monolayer and bilayer graphene on
Ru(0001). (a) Spectra of d2I/dV 2 recorded at the three moiré sites of
MLG/Ru(0001). (b) STM image (120mV, 100 pA, 9.3× 9.3 nm2) of MLG/Ru(0001)
with marked IETS probing locations. (c) Sketch of the assumed optical (ZO) and
acoustic (ZA) out-of-plane phonon dispersion of BLG (gray lines) and MLG/Ru(0001)
at hcp and fcc sites (brown lines). The ZO and ZA dispersion branches at the hcp/fcc
sites of MLG are subject to a lifting of the degeneracy at the K point of the Brillouin
zone and an overall downshift, based on calculations of MLG/Ni(111).[70] (d) Spectra
of d2I/dV 2 recorded above the three moiré sites (color code as in (a)) and the mis-
sing moiré domain (gray) of BLG/Ru(0001). Peak areas for phonon modes at 62.1mV
and 77.5mV are shown for comparison of the spatially varying signal strength. Inset:
STM image (120mV, 100 pA, 9.3× 9.3 nm2) with marked IETS probing locations.

Considering the two-level model developed in the previous section 3.1, the obser-
vation of phonon signatures in IETS on MLG/Ru(0001) is puzzling. Especially their
occurrence only on the strongly bound fcc and hcp sites, but not on the comparably
well decoupled on-top sites, [10] is unexpected. As pointed out above a hybridization
of electronic states of graphene and substrate typically leads to the suppression of in-
elastic signals in IETS. While d2I/dV 2 spectra are more sensitive to detect even faint
inelastic signals, the latter have also been observed in the dI/dV . When averaged
over fcc and hcp sites, the change in the differential conductance due to the phonon

35



excitations amounts to � 10 % for MLG on Ru(0001).c

A tentative explanation of the observation of these phonons in the framework of
the previously introduced simplified two-level model may be an enhanced electron-
phonon coupling (λ) at hcp and fcc sites of the moiré pattern, which could be reasoned
as follows. Since the phonon bands are likely to exhibit a comparably flat dispersion
between M and K compared to pristine graphene [70] as depicted in Fig. 3.7(c),
a larger local phonon DOS at hcp and fcc sites is expected compared to the well
decoupled on-top sites. In addition, the electronic π and π�-bands at hcp and fcc
sites are also downshifted and a band gap is opened.[11] This results in a shift of
the π�-band minimum just below the Fermi energy, which may provide an elevated
electronic DOS at the Fermi level compared to the on-top sites, where the Dirac cone
is intact and its center lies at ≈ 0.3 eV.[11] With the vibrational DOS of the identified
phonons and the electronic DOS at the Fermi level probably being higher at hcp and
fcc sites compared to on-top sites, an enhanced electron-phonon coupling appears
plausible.[25] Analogously, one contribution to the absence of phonon signatures on
pristine MLG/Ir(111) (section 3.1 and [40]), where the electronic bands are only
weakly perturbed, [79] may be a lower electron-phonon coupling.

Similar experimental observations have been made in a previous IETS study of
graphene on Ru(0001), which reported an inelastic excitation at 360meV due to
an overtone excitation of a radial breathing mode.[38] The signal intensity of this
vibration was largest in hcp sites of the moiré and lowest in on-top sites. While
this was attributed to the spatial variation of the electron-phonon coupling, too, the
explanation was based on the local symmetry in on-top sites hampering the excitation
of the specific mode. Nevertheless, many other aspects may be relevant in the exact
inelastic tunneling process due to the significantly altered electronic and vibrational
bands of MLG/Ru(0001). For instance, the large curvature of graphene in the on-
top sites could broaden potential phonon signatures and hinder their observation in
IETS. Further experiments and transport calculations are still necessary to reach a
conclusive explanation of the inelastic tunneling through strongly hybridized MLG
and are currently in preparation.

Tunneling spectra recorded on BLG flakes exhibit three signatures of inelastic ex-
citations [Fig. 3.7(d)]. The two features at (±77.5 ± 0.2)mV and (±62.1 ± 0.2)mV
are compatible with phonon excitations from the ZO branch close to the M point of
the Brillouin zone, and from the nearly degenerate ZO/ZA modes at K, respectively
[Fig. 3.7(c)].[64] The ZO excitation occurs at higher energy compared to correspon-

cIn comparison, the lowest Li coverage in MLG/Ir(111) yielded an increase of 17 % [Fig. 3.2].
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ding MLG feature (68meV) and is closer to the value expected for pristine graphene.
This agrees with a previous experiment on BLG/Ir(111), where IETS features at
(±77)mV and (±57)mV were attributed to the ZO and ZA branches close to the
M point, respectively.[40] According to this interpretation, the top graphene sheet
is well decoupled from the substrate, which leaves the phonon dispersion of largely
unaltered and is in line with the intersection of ZO and ZA bands at ≈ 62meV at K
as for pristine graphene.[24, 64]

Both these inelastic signals are more pronounced on hcp (yellow) and fcc (green)
stacking sites of the moiré pattern than in the on-top (red) regions as evident from
the peak aread of the respective signatures [Fig. 3.7(d)]. Spectra recorded on mis-
sing moiré domains (gray) resemble those obtained from fcc sites indicating similar
bonding. The difference in IETS signal strengths between on-top, hcp and fcc sites
may be related to a spatial variation of the graphene–graphene coupling. The appli-
cation of the previously introduced two-level model (section 3.1) to the IETS spectra
of BLG/Ru(0001) suggests that the interlayer coupling depends on the moiré site.
Lower signals in the on-top sites indicate a higher graphene–graphene coupling com-
pared to the other regions of the moiré. The same conclusion has been reached from
DFT calculations of BLG/Ru(0001).[121] At the on-top sites the bottom graphene
is farthest from the metal substrate and closer to the upper graphene sheet, which
is accompanied by an enhanced interlayer interaction. In hcp and fcc regions on the
other hand the bottom graphene sheet hybridizes strongly with Ru(0001) and couples
less with the upper graphene layer.[121]

The third dip-peak pair in the spectra occurs at (±50.9 ± 0.8)mV on fcc sites
and missing moiré domains, and at (±46.4 ± 1.0)mV on hcp sites with slightly hig-
her intensity. The energy of this inelastic excitation is similar to that of the ZA
phonon branch of well decoupled graphene close to the M point [Fig. 3.7(c)].[64]
Remarkably, this feature is absent at on-top sites, which could again be related to
the locally enhanced interlayer coupling of the two graphene sheets. An alterna-
tive explanation could be the excitation of a graphene π-band plasmon similar to
the graphite out-of-plane plasmon found in IETS [125] and high-resolution electron-
energy-loss measurements.[126, 127] Its excitation energy depends on temperature
and is ≈ 40meV at 6K for graphite.[125, 127] Although at the current stage a clear
assignment of this spectral signature is not yet available, the obtained data provide
a basis for the continuing experiments and calculations.

dPeak �ts have been performed using Gaussian functions with a straight baseline.
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3.2.4 Conclusions

Monolayer and bilayer graphene on Ru(0001) have been characterized by STM and
IETS. Inelastic excitations of graphene out-of-plane phonons have been spatially re-
solved on different moiré sites. The varying signal intensity on the well decoupled
upper graphene layer in BLG regions can be explained reasonably well within the ear-
lier presented model (section 3.1) by local variations of the interlayer coupling. The
observation of similar phonon features on the strongly hybridized MLG/Ru(0001) is
remarkable as it contrasts the previous occurrence of such inelastic signatures mos-
tly in quasi-free-standing graphene. A plausible origin is the significant alteration of
electronic and vibrational bands at hcp and fcc moiré sites, which may give rise to a
considerably elevated electron-phonon coupling.
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4 Preparation of Bilayer Graphene on
Pt(111) by Sequential Chemical
Vapor Deposition

Reproduced in part with permission from
Phys. Chem. Chem. Phys., 21: 3140-3144, 2019.

Copyright 2019 Royal Society of Chemistry.

An inexpensive and flexible method is introduced that enables the epitaxial growth of
bilayer graphene on Pt(111) by sequential chemical vapor deposition. First, a closed
graphene monolayer is prepared by thermal decomposition of ethylene in a chemical
vapor deposition (CVD) process. Next, the catalytically inactive graphene-covered
sample surface is reactivated for a second CVD growth cycle through the deposition of
several atomic layers of Pt. A final annealing process then leads to the diffusion of the
buried first graphene sheet to the surface until bilayer stacking with the second sheet
is accomplished. Scanning tunneling microscopy corroborates the successful growth
of bilayer graphene (BLG) and elucidates the origin of moiré patterns depending on
twist angles of the graphene sheets.

4.1 Introduction

The continuous interest in graphene and its derivatives is accompanied by a de-
mand for reliable and scalable preparation methods to enable applications in in-
dustry and devices. Besides monolayer graphene, stacked systems such as bilayer
graphene, whose properties depend strongly on stacking and interlayer twist angles,
[109, 128] are in the focus of current research. High-quality graphene sheets are typi-
cally achieved by epitaxial growth on the desired substrate. SiC substrates [129–131]
and transition metal surfaces [6, 132] have widely been used for the preparation of
MLG as well as multilayer stacks.
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Especially the thermal decomposition of hydrocarbons assisted by catalytically
active transition metal surfaces is a reliable method for the fabrication of single layer
graphene. It is typically performed as a chemical vapor deposition on the hot sample
[133] and yields high-quality sheets with only few rotational domains depending on
substrate and growth temperature.[6, 134, 135] Due to its simplicity, this preparation
method may readily be applied in industrial production.[7] As the growth relies on
the catalytic effect of the metal surface, it is self-limiting to one monolayer. On the
one hand, this enables precise thickness control for monolayer growth. On the other
hand, the growth of graphene bilayers and multilayers is prevented. For the latter,
an alternative approach, namely the segregation of C at elevated temperatures, is
applied frequently. To this end, the bulk metal is artificially enriched with C, either
via doping from the gas phase of hydrocarbons [6, 78, 85, 114, 132, 136] or solid-state
diffusion.[137–140] After the preparation of graphene on Pt(111) using this technique,
occasional domains of few-layer graphene have been observed previously.[78] However,
the multilayer growth occurred only at grain boundaries and the number of prepared
layers was largely uncontrollable. Alternatively, high-quality multilayer graphene on
metals may also be achieved by intercalation of C under MLG but requires sources of
atomic carbon.[40, 141, 142] Ideally, a CVD-based layer-by-layer preparation would
be desirable, as it could combine the synthesis of large-scale graphene sheets with
high structural quality and precise thickness control owing to the self-limitation to
one monolayer per growth cycle.

Here, an approach based on sequential CVD cycles is presented that achieves the
preparation of extended BLG regions on Pt(111). All prepared graphene layers are
thoroughly characterized by atomically resolved scanning tunneling microscopy. A
method similar to one step of the proposed procedure has recently been applied to
prepare MLG flakes on Au(111).[143] Since Au does not offer the convenient CVD
synthesis, MLG flakes grown by CVD on Ir(111) were subsequently intercalated by
several monolayers of Au yielding graphene flakes on top of a Au(111) surface.

4.2 Experimental Details

The preparation of the Pt(111) surface and Au tips was performed as described
in section 2.2. After MLG growth via thermal decomposition of C2H4 at 1200K,
additional Pt was evaporated from a hot filament at a rate of≈ 1ML/min (ML: dense-
packed monolayer), which was calibrated from STM images of several independent
depositions on Au(100) and MLG/Pt(111). The preparation of the second graphene
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layer was performed by annealing the sample at 1000K for 3min, directly followed
by exposure to C2H4 for 4min. The sample was kept at 1000K for another 5min
before cooling to room temperature. Subsequent annealing cycles were performed at
1200K.

The Ir(111) surface in the preliminary experiments was prepared as described in
section 2.2. Flake growth was achieved by reducing exposure time and partial pressure
of ethylene (6 � 10−6 Pa for 2min) in the CVD. Ir was evaporated from an Ir rod
mounted in an electron beam evaporator.

4.3 Results and Discussion

Preliminary Experiments

The concept of reactivating the sample surface for graphene CVD by depositing ad-
ditional substrate material on top of the first layer may seem an intuitive approach.
However, all steps after the MLG growth are accompanied by challenges of experi-
mental or physical nature. The proposed preparation protocol was developed based
on preliminary experiments with Ir(111) (Fig. 4.1) and Pt(111) (Fig. 4.2), which are
briefly described in the following to emphasize critical points in the process.

(a) (b) (d)(c)

Ir(111)

MLG

MLG moiréIr/MLG

Figure 4.1: Preliminary BLG growth experiments on Ir(111). (a) STM image of
MLG flakes on Ir(111) (160mV, 100 pA, 250×250 nm2). (b) STM image of the sample
in (a) after deposition of 4ML Ir over 120min (150mV, 100 pA, 200×200 nm2). Inset:
Lower Ir coverage (0.25 ML) yields a regular Ir cluster array on graphene-covered
areas (lower half) and flat Ir islands on pristine Ir(111) (upper half).[73] (c) STM
image of slightly smoothed Ir layer after annealing at 1000K. (130mV, 100 pA,
200× 200 nm2). (d) Moiré patterns of the inhomogeneous graphene monolayer after
the second layer growth attempt with TPG. (80mV, 120 pA, 30× 30 nm2).

On Ir(111) MLG flakes were prepared [Fig. 4.1(a)] aiming for BLG flakes in the
final stage. The subsequent deposition of Ir at a rate of approximately 0.03ML/min
yielded a regular array of Ir clusters adsorbed to the hcp sites of the moiré pattern
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at lower coverage [73] and flat Ir islands on the pristine Ir(111) surface [inset to
Fig. 4.1(b)]. In order to provide a suitably flat template for the growth of homo-
geneous graphene the deposited Ir was then smoothed by annealing. Figure 4.1(c)
shows the slightly flattened Ir after a short annealing to 1000K. However, during
any additional annealing – either intended as separate step for further smoothing or
during the temperature ramp-up for the second layer CVD – the adsorbed Ir quickly
intercalated beneath the graphene sheet or simply diffused to the uncovered Ir sub-
strate. Thus, all attempts at a second layer CVD failed, leaving behind only MLG
flakes on Ir(111). This is a general issue, which also occurred in the Pt experiments
as shown in (Fig. 4.2) although a closed monolayer of graphene was used instead of
flakes. Since heating the sample is a necessity for the second layer CVD, two possible
solutions were tested to prevent the concomitant completion of metal intercalation.

(a) (b) (d)(c)

Figure 4.2: Pt intercalation of MLG-covered Pt(111). (a) STM image of Pt film
deposited on MLG/Pt(111) (1V, 80 pA, 120 × 120 nm2). (b) STM image of the de-
posited Pt smoothed by annealing at 720K (1.5V, 80 pA, 150× 150 nm2). (c) STM
image of MLG/Pt(111) after complete intercalation of the deposited Pt through furt-
her annealing at 1200K (1.5V, 80 pA, 100 × 100 nm2). (d) MLG moiré pattern
observed on the sample shown in (c) (0.1V, 100 pA, 20× 20 nm2).

The first approach was to avoid the initial heating in CVD by performing the second
layer preparation as temperature programmed growth (TPG) instead.[133] Here, et-
hylene was adsorbed first on the slightly smoothed metal layer. Subsequent annealing
then initiated the graphene growth. As Fig. 4.1(d) shows, this resulted, however, in a
very inhomogeneous graphene monolayer consisting of many small graphene domains
of different orientations as seen in the variety of moiré patterns. No BLG dom-
ains were observed on that sample. Since activation temperatures for intercalation
(typically several 100K) are lower than the temperature required for the graphene
synthesis, the most likely explanation is that even this method cannot prevent the
complete metal intercalation during the temperature ramp-up. Furthermore, these
first insights lead to the conclusion that sufficient smoothing of the adsorbed metal
layer is required in any case. This is facilitated by the second solution as described
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in the following.
The second approach was to simply deposit a larger amount of metal in order

to delay its intercalation. Due the low yield of Ir [120min deposition time for a
coverage of 4ML in Fig. 4.1(b)] with the evaporation from a rod, Pt was chosen
as alternative material and evaporated from a hot filament onto MLG/Pt(111).[144]
While in principle the presented preparation protocol should be applicable to many
other transition metals like Ru, Ni, etc.,[6, 132] Pt(111) has the benefit that the
segregation after a standard CVD process is typically insufficient to already produce
BLG, avoiding misinterpretations. Moreover, graphene on Pt(111) has the appealing
property of the lowest graphene–metal coupling.[8] Preferably, evaporation from a
melt in the EBE should be used and is currently prepared at the vacuum chamber.
Figure 4.2(b) demonstrates that a thick layer of Pt can indeed be smoothed well
without complete intercalation.

Based on these preliminary experiments, the successful growth of BLG was achieved
by depositing ≈ 50 atomic layers of Pt on a closed monolayer of graphene, utilizing a
slightly prolonged temperature ramp for the second layer CVD directly as smoothing
stage, and performing the CVD at comparably low temperature (1000K). The full
preparation protocol is described in the next paragraph.

Preparation Protocol

Figure 4.3 illustrates the BLG preparation process by STM images [Figs. 4.3(a-d)]
and sketches [Figs. 4.3(e-h)]. First, MLG is grown epitaxially by CVD of C2H4 at the
Pt(111) surface Figure [Figs. 4.3(a,e)]. In most regions of the sample, moiré patterns
due to the lattice mismatch between graphene and Pt(111) were absent in STM ima-
ges, which hints at large rotation angles of graphene with respect to Pt(111).[75, 144]
The occasionally observed moiré superstructures usually indicated smaller rotation
angles (< 20◦).[9] Second, approximately 50 atomic layers of Pt were deposited on
MLG-covered Pt(111). STM images show resulting Pt clusters [Figs. 4.3(b,f)]. The
third step included a few minutes long temperature ramp for smoothing of the de-
posited Pt layer and the second CVD cycle at 1000K. The elevated temperature of
the sample led to the intercalation of Pt accompanied by the diffusion of most of
the metal-covered graphene to the surface giving rise to large MLG and many small
BLG regions [Figs. 4.3(c,g)]. During this process, the buried MLG is likely bro-
ken apart into patches. Indeed, graphene domain boundaries represent typical entry
points for intercalation [14, 15] and may likewise facilitate the rupture of MLG.[145]
Individual patches can then diffuse separately to the surface as observed during the
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(a) (b)

(e) (f) (g) (h)

Pt substrate

PtMLG

BLG

MLG

BLGα

BLGβ

(d)

MLG

(c)

BLGα

BLGβ

Figure 4.3: Steps of the BLG preparation protocol. (a) Atomically resolved STM
image of MLG on Pt(111) (bias voltage: V = 74mV, tunneling current: I = 100 pA,
size: 5× 5 nm2). (b) STM image of Pt film deposited on MLG/Pt(111) (1V, 80 pA,
120 × 120 nm2). (c) STM image of MLG and BLG regions after the second CVD
step (1V, 80 pA, 40 × 40 nm2). (d) STM image of MLG and BLG after annealing
the sample of (c) (1V, 90 pA, 60 × 60 nm2). The color bars indicate the apparent
heights ranging from 0 nm (bottom) to (b) 7.1 nm, (c) 1.6 nm, (d) 1.3 nm (top). (e)–
(h) Illustrations (cross-section) of the preparation steps. Graphene layers grown in
the first (second) CVD cycle are drawn as green (red) lines, respectively.

preparation of graphene nanoflakes on Au(111)/Ir(111).[143] Additionally, due to the
higher carbon solubility of Pt, [146] single C atoms may detach from the boundary
of buried graphene layers, segregate and contribute to the graphene growth at open
edges.[137–140] However, the nucleation of additional graphene layers at the regu-
lar MLG–Pt(111) interface by individually segregating C atoms alone is reportedly
suppressed, [78] which corroborates the suggested growth mechanism based on the
diffusion of graphene patches. Final annealing of the sample yielded flat and extended
MLG and BLG regions [Figs. 4.3(d,h)]. At elevated temperature, second-layer grap-
hene flakes hybridize to form extended BLG regions, while buried graphene patches
continue their diffusion to the surface and may either be incorporated in the bottom
graphene layer or create additional BLG or even trilayer graphene (TLG) regions.

Moiré Patterns

The proposed growth is corroborated by the analysisa of spatial moiré periods (am)
plus the orientations of the moiré pattern (σ) and of the observed graphene lattice (θ)
with respect to Pt(111). Various moiré patterns observed after the first layer growth

aDetails of the analysis are summarized in section 2.4.
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Figure 4.4: Overview and analysis of observed graphene domains on Pt(111) with
indicated moiré spatial period (am) and graphene orientation (θ). STM images of
MLG domains with (a) am = 2.4 nm, θ = 4.8◦ (100mV, 100 pA, 8 × 8 nm2) and
(b) am = 0.8 nm, θ = 16.7◦ (39mV, 9 nA, 8× 8 nm2). (c) MLG domain after the final
annealing step with am = 0.8 nm, θ = −15.8◦ (50mV, 100 nA, 5× 5 nm2). The dark
depressions are attributed to C atoms or vacancies in the Pt surface. (d) Adjacent
BLG and TLG domains (400mV, 100 pA, 20 × 20 nm2). The TLG crosses a sub-
strate step edge and ends approximately at the boundary marked by the dashed line.
(e) Summary of am, θ for all observed moiré structures in MLG and BLG. The solid
line depicts the expected variation of am with θ for unstrained MLG. The upper
(lower) dashed curve depicts am as a function of θ for MLG with lattice constant
increased (decreased) by 2 %. Open triangles (squares) are data for MLG after the
first (second) CVD process, denoted as MLG-1 (MLG-2). Circles represent data for
two BLG domains, BLGα and BLGβ (see text). (f) Sketch of MLG/Pt(111). Solid
lines mark crystallographic directions of Pt(111) (dots), graphene (circles) and the
resulting moiré superlattice. The orientations of graphene (θ) and moiré lattice (σ)
with respect to Pt(111) are indicated.

and after completed preparation are taken into account (Fig. 4.4). The measured
characteristics are compared to the expected trends of MLG on Pt(111) [Fig. 4.4(e)].
Graphene prepared in the first layer growth occasionally exhibits moiré patterns with,
e.g., am = 2.37 nm, θ = 4.8◦ [Fig. 4.4(a)] or am = 0.82 nm, θ = 16.7◦ [Fig. 4.4(b)].
The domain with am = 0.79 nm and θ = −15.8◦ shown in [Fig. 4.4(c)] occurred
after completed preparation. The dark depressions may be due to C atoms in the
Pt surface [140] or vacancies.[147] These and several other domains are reasonably
well described by the MLG/Pt(111) model [Fig. 4.4(e)]. Dashed lines depict am as a
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function of θ for a stretched (upper curve) and compressed (lower curve) C lattice,
where the lattice constant deviates by 2 % from the unstrained case. Deviations up
to 7 % were reported for stable configurations of MLG on Pt(111).[9]
Some data, however, deviate significantly from the predicted trend. That is, in a

MLG model the measured moiré spatial period is not compatible with the observed
graphene orientation θ. The corresponding domains are only found after the second
CVD process and are, therefore, assigned to BLG. They exhibit two different types
of moiré patterns. The BLGα moiré pattern has a spatial period of am = 1.6 nm
and the angle between moiré pattern and Pt(111) orientation is σ = −28.8◦. BLGβ

is characterized by am = 2.7 nm and σ = 0.8◦. Figure 4.4(d) shows a region, where
BLGα and TLG are present as adjacent regions. The dashed line marks the boundary
between the different domains. Further evidence for this assignment is provided in
the gallery of STM images in Fig. 4.5.

Figure 4.5(a) depicts an overview of an extended BLG region that contains both
moiré patterns, BLGα and BLGβ. Unexpectedly, each of them exhibits two subdo-
mains, i.e., BLG areas of identical moiré pattern (identical am and σ) but different top
graphene orientation θt regarding the Pt substrate. This is demonstrated exemplarily
in Figs. 4.5(b,c) for the BLGα domain with atomic resolution. Fourier transforms [in-
sets to Figs. 4.5(b,c)] reveal that the graphene lattices of the subdomains are rotated
by 36◦ with respect to each other, while the BLGα moiré pattern is unaffected. These
observations demonstrate the presence of two stacked graphene sheets in BLGα and
BLGβ domains.b

Remarkably, when the subdomains of BLGα and BLGβ with θt = 18◦ connect,
there can be a continuous top graphene lattice covering both moiré patterns. This
is shown in the close-up view of the domain boundary between BLGα and BLGβ in
Fig. 4.5(d). In conclusion, the different moiré patterns must be due to rotational
domains of the bottom graphene sheet. Additional information is gained from the
inspection of line defects in the top graphene sheet [Fig. 4.5(e)]. The STM image
reveals that the BLGα moiré pattern remains unaffected across the defect as evidenced
by the superimposed lattice. Therefore, the observed moiré superstructure is due to
the graphene–Pt(111) interface and, intriguingly, the upper graphene layer does not
contribute to the moiré pattern.

So far, the experimental data have led to the conclusions that the moiré domains
deviating from the MLG characteristics are indeed caused by BLG. However, the

bIf the observed domains were just MLG/Pt(111), the moiré pattern would be altered when the
graphene sheet is rotated. (section 2.4.1)
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Figure 4.5: Graphene bilayer domains. (a) Overview STM image showing adjacent
BLGα and BLGβ domains (70mV, 100 pA, 30×30 nm2). (b), (c) STM images (50mV,
7 × 7 nm2) of BLGα subdomains with identical moiré characteristics (am = 1.6 nm,
σ = −28.8◦) and different graphene orientations, (b) θ = 18.0◦ and (c) θ = −18.0◦.
Tunneling currents are 100 nA (b) and 10 nA (c). Insets: Fourier transforms of STM
images with circles indicating the graphene lattice orientation. (d) Atomically resol-
ved STM image of the transition from the BLGα (am = 1.6 nm, θ = 18.0◦, left) to the
BLGβ moiré superlattice (am = 2.7 nm, θ = 18.0◦, right) (70mV, 100 pA, 5× 5 nm2).
(e) STM image of BLGα with a line defect in the top graphene layer (1V, 80 pA,
20 × 20 nm2). The superimposed lattice shows that the moiré pattern is continuous
across the line defect.

corresponding moiré patterns are apparently due to differently oriented lower grap-
hene sheets interacting with the Pt(111) surface, while the top graphene layers do not
cause any obvious moiré patterns. In contrast, moiré lattices of BLG/Ir(111) were
previously attributed to the graphene–graphene interface.[40] The apparent contra-
diction with findings reported here is resolved when twist angles at both the graphene–
substrate and graphene–graphene interfaces are considered. For both interfaces, low
twist angles (< 10◦) result in an elevated interaction, while large twist angles (> 10◦)
decouple the adjacent layers.[40, 106, 148, 149] Consequently, the twist angles at both
interfaces and the resulting interlayer coupling determine which moiré superstructure
is visible in STM images.

Figure 4.6 shows a comparison between BLG domains reported here and from
BLG/Ir(111) [40] with the expected moiré characteristics of twisted BLG (section
2.4.2). The moiré spatial period is plotted over the experimentally accessible angle %
between the top graphene sheet and the moiré lattice. For BLG/Ir(111), the second
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Figure 4.6: Twisted bilayer graphene (BLG) model. Lines depict the calculated
moiré spatial period am as a function of the angle % enclosed by crystallographic
directions of the upper graphene lattice and the moiré superstructure. The solid line
shows the variation of am with |%| for an unstrained lower graphene sheet, whereas
short-dashed and long-dashed lines represent the situation for a graphene lattice
constant that is increased and decreased by 2 %, respectively. Experimental data
appear as circles (this work) and squares (BLG/Ir(111) [40]). The angles 0◦ . . . 25◦
denote the twist angles between the bottom and upper graphene sheets.

layer flakes were produced by intercalation of C under MLG that is aligned with the
Ir(111) substrate.[40] The twist angles at both interfaces can, thus, be considered
roughly equivalent. Remarkably, only the data for larger twist angles (> 13◦) follow
the calculated trend reasonably well, but there is a notable deviation at smaller ro-
tation angles. Indeed, the characteristics of the BLG0◦ and the aligned-MLG moiré
superstructures on Ir(111) were found to be virtually identical.[40] Thus, the align-
ment of the lower graphene lattice in the BLG0◦ domain with the Ir substrate and
the resulting enhanced hybridization seem to enable the observation of the graphene–
substrate moiré pattern. Instead, the graphene–graphene moiré lattice is observed
at larger twist angles, where the bottom graphene is well decoupled from the Ir sub-
strate.

In the BLGα and BLGβ domains reported here the bottom graphene layers are
rotated by only 4.6◦ and 0.1◦ with respect to the Pt(111) surface, respectively. Con-
comitantly, all graphene–graphene twist angles exceed 10◦. This constellation yields a
comparably low (elevated) coupling between the two graphene sheets (substrate and
bottom graphene sheet), respectively. Consequently, the observation of the moiré
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pattern generated by the graphene–substrate interface is clearly favored.
It is worth mentioning that, in principle, all BLG moiré patterns observed here

can be interpreted in the framework of twisted BLG, too (section 2.4.2). While the
BLGα subdomains [Figs. 4.5(b,c)] would then require comparably large strains of
3.5 % and 4.2 % in the lower graphene sheet to match the observed characteristics
of the moiré pattern, the BLGβ subdomains would exhibit merely 1.6 % and 2.3 %
strain. However, for each pair of subdomains the resulting moiré patterns would have
to align to reproduce the experimental observations. That is because only a single
moiré orientation occurred for the BLGα and BLGβ patterns, respectively. Therefore,
the twisted-BLG explanation is unlikely and not appropriate to describe the observed
moiré structures.

4.4 Conclusions
A preparation protocol for the preparation of extended BLG on Pt(111) has been
developed. It is based on CVD growth cycles with intermediate reactivation of the
sample surface by Pt deposition. Due to its simple concept and the precise control
over the number of prepared graphene layers, its applicability to other transition me-
tal substrates and homogeneous as well as heterogeneous multistackings of graphene
and other two-dimensional materials may be anticipated. The presented topographic
data unveil that the moiré superlattices observed in BLG regions result from the
graphene–Pt(111) interface. The top graphene layer on the other hand is well decou-
pled due to larger twist angles.
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5 Intercalant Assemblies at the
Graphene�Metal Interface

Reproduced in part with permission from
Langmuir, 35(7): 2554–2560, 2019.

Copyright 2019 American Chemical Society.

The impact of graphene on the structure of metal intercalants is studied from
STM topographic data. In the first section of this chapter, a surface reconstruction
induced by the intercalation of Pt under monolayer graphene (MLG) on Pt(111) is
presented. The observed pattern is qualitatively different from the reconstructions
induced by the deposition of metals on Pt(111) and, specifically, the homoepitaxy of
Pt. Moreover, graphene on Ru(0001) has been successfully cointercalated with Cs and
Li. The intercalants form separate phases. Their respective atomic superstructures
are determined based on atomically resolved STM characterization. Cs arranges in
(2× 2) and Li in (1× 1) superstructure with respect to graphene.

5.1 Introduction

The formation of superstructures at surfaces is an omnipresent phenomenon.[42, 43]
Ordered assemblies of adsorbates, moiré patterns of layered systems, and surface re-
constructions are only few prominent examples of patterns that are observed regularly.
In the case of adsorbates, superlattices form as the result of the adsorbate–adsorbate
and adsorbate–substrate interactions. Analogously, intralayer and interlayer inte-
ractions determine the appearance of superstructures of layered materials. Depending
on the dominating interaction different specific patterns occur. For instance, a strong
adsorbate–adsorbate coupling between adsorbed molecules manifests in characteristic
overlayer structures, [150–152] while a strong adsorbate–substrate interaction often
mediates template effects of the substrate as in the guided adsorption on molecular
platforms [153] or on moiré lattices.[73, 154–175]
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The addition of a graphene cover layer introduces another contribution to the
balance of relevant interactions, which may affect existing patterns depending on
the specific system. In this chapter the impact of graphene on superstructures of
different intercalants is explored at the examples of Pt intercalation under graphene
on Pt(111), and the intercalation of Cs and Li under graphene on Ru(0001).

5.2 Experimental Details

Preparation of clean Ru(0001) and Pt(111) surfaces was performed as described in
section 2.2.2. Tips were cut from high-purity Au wire. The growth of BLG and
MLG on Pt(111) has been described in chapter 4. The cointercalation of graphene
on Ru(0001) with Cs and Li was achieved by the deposition of Li onto Cs-intercalated
graphene followed by post-annealing.

5.3 Results and Discussion

Pt Surface Reconstruction

Besides the moiré patterns of graphene described in the previous chapter 4, parts of
the Pt(111) sample surface were covered by a wide-meshed honeycomb superstructure
that extended over a few hundred nanometers [Fig. 5.1(a)]. Based on the description
of similar patterns on Pt(111) in previous reports [176–179] this superstructure is
assigned to a reconstruction of the Pt(111) surface, which is related to the soliton
reconstruction of Au(111).[180–183]

It was shown in 1992 that annealing pristine Pt(111) at temperatures exceeding
1330K gives rise to a hexagonal reconstruction of the surface.[176, 177] Shortly the-
reafter a similar superstructure was stabilized already at 400K by exposure of the
heated Pt(111) surface to Pt vapor.[178, 179] Similar reconstructions have been in-
duced by deposition of Co, [184] Cr, [185] or Cu [186] on Pt(111). Recent calcula-
tions [187] based on a Frenkel-Kontorova model [188] have demonstrated that those
reconstructions of Pt(111) are indeed all different manifestations of one type of re-
construction, which may be triggered already by small environmental changes. In
contrast to the rather irregular network of double lines observed after homoepitaxial
growth of Pt on clean Pt(111) at 400K, [178, 179] the presence of graphene induces
an extended long-range order of the reconstruction as well as a qualitative change in
the underlying dislocation network. Common characteristic features of all these su-
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Figure 5.1: Reconstruction of graphene-covered Pt(111) after Pt intercalation. (a)
STM image of Pt-intercalated graphene on Pt(111) (1V, 100 pA, 40× 40 nm2). Two
adjacent Pt(111) terraces are visible. The honeycomb network is due to a recon-
struction of the Pt(111) surface. The apparent height ranges from 0pm (dark blue)
to 265 pm (yellow). (b) Atomically resolved close-up view of (a) showing the graphene
lattice on top of the reconstruction (50mV, 100 pA, 12 × 12 nm2). Inset: Close-up
view of (b) with circles indicating a MLG moiré pattern (3.5 × 3.5 nm2). (c) STM
image of the Pt(111) reconstruction network showing the characteristic fcc and hcp
stacking domains. (1V, 100 pA, 19×19 nm2). The triangle-shaped bright protrusions
are the connectors of the network (see text). (d) Illustration of structural elements
of the reconstruction network. Regions with hcp stacking are separated from fcc
domains by Shockley partial dislocations (bright lines) that are oriented along [11�2],
[1�21], [�211] directions. The double lines meet at inequivalent junctions A and B. (e)
Side view of first and second Pt(111) atomic layer along h�110i. 30 surface Pt atoms
reside atop 29 second-layer Pt atoms.

perstructures are neighboring domains of face-centered cubic (fcc) stacking retained
from the Pt bulk and hexagonal close-packed (hcp) stacking regions. In the following,
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conventional phrasing is used to describe certain structural features of the pattern. In
particular, the protruding parallel ridges separating the differently stacked domains
will be referred to as double lines.[178, 179]

Before analyzing the reconstruction, some remarks regarding the observed graphene
moiré patterns are noteworthy. First, atomically resolved STM imaging [Fig. 5.1(b)]
evidences the presence of graphene on top of the reconstructed surface. The inset to
Fig. 5.1(b) reveals a moiré pattern with a spatial period of am = 1.00 ± 0.02 nm, a
graphene orientation of θ = 14.5◦±0.7◦ with respect to the Pt substrate, and an angle
of  = 1.2◦± 1.1◦ between moiré and graphene lattice. This pattern is well-described
by a single layer of graphene on Pt(111) [Fig. 4.4(e)].[9, 75] Second, a very similar
moiré pattern (am = 0.97 ± 0.01 nm, θ = 13.8◦ ± 1.0◦,  = 5.8◦ ± 0.8◦) occurred on
unreconstructed areas, which corroborates the expectation that there are continuous
MLG sheets covering unreconstructed and reconstructed areas of the sample.

The topographic image in Fig. 5.1(c) presents the reconstruction pattern in detail.
It is characterized by a large spatial period of 7.99 ± 0.08 nm and parallel ridges
separated by 1.98 ± 0.10 nm. Its structural elements are illustrated in Fig. 5.1(d)
together with the crystallographic directions. Bright double lines are formed by a
pair of Shockley partial dislocations that separate hexagonal fcc-stacked from smaller
elongated hcp-stacked regions.[178, 179] Across each double line one additional Pt
atom is incorporated into the surface. As illustrated in Fig. 5.1(e) along the h�110i
directions 30 surface Pt atoms reside on top of 29 substrate Pt atoms. Thus, the
arrangement of double lines in the honeycomb reconstruction leads to the compression
of the Pt(111) surface increasing the average atom density by ≈ 7 %. In comparison,
an increase of ≈ 5 % in the average surface atom density has been reported for well-
ordered reconstructed areas of pristine Pt(111).[176–179]

Previously, two types of connectors were found at junctions of three double lines.[178,
179] So-called bright stars are protruding intersections of three double lines, where
central Pt atoms reside at on-top sites of the Pt(111) substrate. The energy costs for
the stacking faults is outweighed by the annihilation of three point dislocations.[179]
Dark stars on the other hand represent junctions, where the adjacent Shockley par-
tials of neighboring double lines connect and form an enclosed hcp-stacked region
at the center. All previously reported reconstructions of the Pt(111) surface can be
assigned to one fundamental honeycomb-reconstruction.[187] That is because they
follow a common topological law, which is established by the energy difference bet-
ween hcp and fcc stacking and forces the two types of connectors – bright and dark
stars – to alternate from one junction of double lines to the next.[179, 187] Remar-
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kably, the honeycomb-like reconstruction observed here does not adhere to this law
and exhibits protrusions at all junctions of the dislocation network [Fig. 5.1(c)]. A
plausible origin of this observation based on the presence of graphene is discussed in
the next paragraphs.

As a first remark, graphene has two obvious effects on the stability of a recon-
structed phase. While it acts as a cap layer that reduces the under-coordination of
the Pt surface atoms, it also effectively captures Pt atoms close to the substrate after
intercalation. An excess of Pt adatoms was previously demonstrated to promote the
reconstruction of the Pt(111) surface.[178, 179] Second, the additional van der Waaals
attraction between graphene and Pt surface atoms counteracts their coupling to the
substrate, which facilitates a reconstruction, too. Similarly, the high-temperature re-
construction of Pt(111) was attributed to weaker bonding of the first Pt layer to the
substrate due to thermally excited vibrations.[176, 177, 187] Moreover, on graphene-
covered Ru(0001) another related reconstruction has been observed, which does not
occur on pristine Ru(0001), demonstrating the influence of graphene.[189]

Another important consequence of the weakened substrate bonding is a diminished
impact of energy differences between varying stacking geometries. The remarkably
large ratio of hcp-stacked to fcc-stacked areas observed here corroborates this aspect.
In the presence of graphene, we find a hcp to fcc area ratio of ≈ 0.78, while the
purely temperature-induced reconstruction of Pt(111) at 1330K yielded a ratio of
only 0.43.[176, 177] In part this ratio may also be enhanced by the deposition of Pt,
which was demonstrated in the homoepitaxial growth of Pt on Pt(111) yielding a hcp
to fcc ratio of ≈ 0.54 at 400K.[178, 179]

Since energy differences between the high-symmetry stacking sites are lowered in
the presence of graphene, they can be outweighed by intralayer interactions in the
Pt surface layer. In that case the dominating occurrence of one type of connec-
tor with a lower intralayer formation energy is enabled, invalidating the topological
law described earlier. Indeed, the graphene-covered Pt(111) reconstruction observed
here exhibits bright protrusions at all six double line junctions around a fcc-stacked
domain. This hints at a preference of bright stars over dark stars due to a reduced
formation energy in the presence of a graphene cap layer.

Cointercalation of Graphene on Ru(0001)

The adsorption of alkali metals on surfaces has a longstanding tradition in surface
science.[190–192] Over the last decades, many aspects of alkali metal adsorption
like the geometric structure of superlattices, [193–199] vibrational quanta, [200–203]
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and lifetimes of electronic excitations [204–210] have been studied. On graphene,
adsorption of alkali metals was shown to, e. g., tune the band gap opening between
the graphene Dirac cones [211, 212] and modify the electronic transport.[213, 214]
The alkali atoms preferably occupy the center of the carbon hexagons of graphite or
graphene, [215, 216] which agrees well with the observations presented in this section.

(a) (b)

(c) (d)

BLG MLG BLG MLG/Cs

MLG

BLG/Li

MLG/Li

MLG/Li

MLG/Cs

Figure 5.2: Overview of Cs and Li intercalation phases on graphene-covered
Ru(0001). (a) Monolayer (MLG) and bilayer graphene (BLG) on clean Ru(0001)
exhibiting their respective moiré patterns (200mV, 100 pA, 120×120 nm2). (b) Pris-
tine and Cs-intercalated MLG domains adjacent to a BLG flake (200mV, 80 pA,
90 × 90 nm2). (c) Li-intercalated graphene at saturation coverage (300mV, 100 pA,
300 × 300 nm2). Both MLG and BLG are intercalated and labeled as MLG/Li
and BLG/Li, respectively. (d) Cointercalation of Cs and Li (200mV, 90 pA,
180×180 nm2). The intercalants form separate phases due to the lower delamination
energy of Li. Both alkali metals decouple graphene from the Ru(0001) substrate,
resulting in essentially vanishing moiré patterns in (b-d).

In preparation of a comprehensive study of decoupled graphene layers on Ru(0001),
the prepared graphene/Ru(0001) samples (section 3.2) have been intercalated by
Cs and Li. Figure 5.2 gives an overview of the achieved configurations. Starting
from pristine MLG and BLG [Fig. 5.2(a)] intercalation proceeds in the MLG areas
first, which is demonstrated in Fig. 5.2(b) at the example of Cs. The successful
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intercalation is evident from the strongly reduced buckling of graphene due to the
presence of alkali metal layers that decouple it from the Ru substrate. At saturation
coverage intercalated BLG regions have also been observed [Fig. 5.2(c)].

To compare the intercalated structures side by side, graphene on Ru(0001) was
cointercalated with Cs and Li [Fig. 5.2(d)] by depositing Li onto the Cs-intercalated
sample, followed by post-annealing. The intercalants form separate phases under-
neath MLG as seen from the difference of (130 ± 4) pm in apparent height between
MLG/Cs and MLG/Li [Fig. 5.3(a)]. Most likely the formation of mixed phases is
prevented at low temperatures by the lower delamination energy of Li compared to
Cs.[15] Compared to separate phases, such two-component islands would entail a lar-
ger average graphene–Ru distance due to the larger size of Cs. The distribution of Li
as numerous assemblies in the Cs matrix may hint at a demixing of Cs and Li upon
cooling the sample after post-annealing. According to the established intercalation
pathway through nanoscale cracks , e.g., at graphene wrinkles [15] or multi-atom
vacancies [13, 14] one would expect fewer but larger Li-intercalated regions. Alterna-
tively, reactive intercalation [14, 217, 218] may cause many Li islands to start growing
separately and can yield a similar appearance.

The atomic arrangement of the intercalated alkali metals can be inferred from the
close-up views in Figs. 5.3(b,c). On Cs-intercalated regions the honeycomb lattice of
graphene is superimposed with a regular hexagonal pattern of depressions. The 2D
Fourier transform [inset to Fig. 5.3(b)] reveals a (2×2) superlattice of Cs with respect
to graphene. Thus, the inserted Cs atoms apparently interact stronger with graphene
than with the Ru substrate. On clean Ru(0001) the on-top sites were identified as
favored adsorption positions for a (2×2)-Cs superstructure [195] but are not anymore
occupied consistently in MLG/Cs/Ru(0001). Similar conclusions have been drawn
for a (2× 2)-Cs lattice with respect to graphene observed from Cs-intercalated MLG
on Ir(111).[15]

Li-intercalated MLG/Ru(0001) displays only the honeycomb lattice in atomic re-
solution imaging [Fig. 5.3(c)]. Disordered phases of Li have been reported from room
temperature photoemission experiments on intercalated MLG/Ir(111) and would
cause such an appearance.[219] On pristine Ru(0001), commensurate (2 × 2)-Li,
(
√

3 ×
√

3)R30◦-Li superstructures have been reported.[194, 197] Preferred adsorp-
tion in substrate fcc and hcp sites was determined, respectively.[197, 220] At larger
submonolayer coverage incommensurate superstructures occur, where Li atoms adopt
different adsorption sites.[220] However, a more plausible explanation of our obser-
vations considering the much lower temperature of 5K in this experiment compared
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Figure 5.3: Atomic structure of Cs and Li intercalation phases under MLG on
Ru(0001). (a) STM image of adjacent Cs and Li intercalation phases (200mV, 90 pA,
5.5×8 nm2). Inset: Cross-sectional apparent height profile acquired along the indica-
ted line. (b) Close-up view of Cs-intercalated domain with atomic resolution (200mV,
90 pA, 1.5× 1.5 nm2). Inset: Fourier transform of (b) (11.9× 11.9 nm−2) with outer
spots reflecting the C lattice of MLG. The inner spots indicate the (2× 2)-Cs super-
lattice. (c) Like (b) for a Li-intercalated region. Inset: Like the inset to (b) with
coinciding spots of the MLG C lattice and a (1× 1)-Li superstructure.

to these previous reports is a (1× 1)-Li superstructure, where the centers of the car-
bon hexagons are occupied with one Li atom each.[215, 216] The observation of a
(
√

3×
√

3)R30◦-Li superlattice at a coverage of 0.33ML – also with respect to grap-
hene and at a similarly low temperature of 6K – was previously determined from
MLG/Ir(111) and corroborates this interpretation.[92]
Both alkali superstructures are formed with respect to graphene irrespective of

their preferred adsorption sites on pristine Ru(0001). This indicates that the energy
landscape for the alkali metals at the substrate surface is altered significantly by the
graphene cover layer. The additional interaction with graphene mediates a template
effect for the alkali superlattices.

5.4 Conclusions

The presence of graphene modifies the interplay of interlayer and intralayer interacti-
ons that determines the arrangement of intercalant assemblies. A reconstruction of
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the graphene-covered Pt(111) surface with increased regularity and extension com-
pared to reconstructions of pristine Pt(111) has been observed. The invalidation of a
previously established topological law in the underlying dislocation network demon-
strates the influence of graphene. Its interaction with the Pt surface atoms weakens
their binding to the substrate and concomitantly reduces stacking-dependent energy
costs. Consequently, the impact of intralayer interactions is enhanced.

Moreover, the cointercalation of graphene on Ru(0001) with Cs and Li revealed
an even stronger effect of the graphene cover layer. The prepared sample exhibited
separate phases of Cs and Li, which both formed superstructures that are oriented
at the lattice of graphene rather than the Ru substrate. In turn, the intercalants
decouple the graphene from the Ru surface.
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6 Conclusions and Prospects

The �rst part of the thesis was devoted to a contribution to the general under-
standing of phonon-mediated tunneling into graphene on surfaces. Inelastic electron
tunneling spectroscopy (IETS) investigations of graphene on Ir(111) intercalated with
Cs and Li demonstrated the observation of graphene phonon signatures from all-metal
samples. The signal strength of these phonon features was tuned by the chemical na-
ture and the coverage of the intercalant as well as by the tip–graphene separation. In
combination with transport calculations based on a three-terminal setup the experi-
mental data laid the foundation for a comprehensive model, which describes the con-
nections of the graphene–substrate and graphene–tip coupling with the phonon signal
strength in IETS. A follow-up study of monolayer (MLG) and bilayer graphene (BLG)
on Ru(0001) was presented next. Spatially resolved IETS revealed a variation of the
observed phonon intensity between the different high-symmetry sites of the moiré
patterns of MLG and BLG. In the latter case, this behavior was attributed to the lo-
cal changes in the interlayer coupling between the two graphene sheets, in agreement
with the previously developed model. The unexpected observation of similar phonon
signatures on MLG/Ru(0001) gave first insights into the strong-hybridization case
and may hint at a spatial modulation of the electron–phonon coupling caused by the
moiré pattern.

The model description based on the obtained IETS data is certainly a progress
in the development of a general understanding of phonon-mediated tunneling into
graphene on surfaces. It includes the coupling of graphene to the surface and the STM
tip and is, therefore, likely to find application in the interpretation of future IETS
experiments on graphene and possibly other two-dimensional materials. Moreover,
the observed spatial variation of the phonon signal strength with the moiré patterns
of MLG and BLG on Ru(0001) represents a foundation for further experimental and
theoretical investigations, especially of the strong-hybridization case.
The second chapter of this work presented the successful implementation of

the self-limiting CVD growth of graphene for the preparation of bilayer graphene on
Pt(111). After the first layer growth, additional Pt was deposited on the graphene-
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covered surface to reactivate it for the subsequent second layer CVD. Intercalation of
the added Pt beneath the lower graphene sheet then yielded bilayer graphene on the
substrate. STM imaging and analysis of the observed moiré patterns corroborated
the presence of BLG and revealed the graphene–Pt interface at the origin of the moiré
patterns in BLG domains.

The developed sequential CVD protocol for the growth of bilayer graphene on
Pt(111) is anticipated to become useful for future experiments but may also motivate
similar strategies for the preparation of layered heterostructures of graphene with
other two-dimensional materials. Due to its simple concept, further combinations of
CVD precursors and metals are conceivable.
The third part of this thesis addressed the impact of graphene on intercalant su-

perstructures. A reconstruction of the graphene-covered Pt(111) surface induced by
the intercalation with Pt was identified. From the qualitative differences in the un-
derlying dislocation network compared to a class of similar reconstructions of Pt(111)
the influence of graphene on the balance of interlayer and intralayer interactions was
inferred. Furthermore, graphene on Ru(0001) was successfully cointercalated with
Cs and Li. STM imaging on the separate phases formed by the intercalants revealed
atomic superlattices, which are (2 × 2)-Cs and (1 × 1)-Li. Both superstructures are
formed with respect to graphene and irrespective of the preferred alkali adsorption si-
tes on the Ru(0001) substrate, which indicates a strong interaction of the intercalants
with graphene.

Superstructures offer various possibilities for the modification of graphene's pro-
perties. The established impact of graphene on the observed Pt(111) reconstruction
may inspire the modification of other existing surface reconstructions through the
presence of graphene. This could be an interesting concept to create novel surface
patterns. The intercalation of graphene on Ru(0001) with Cs and Li represents one
experimental pathway to tailor the graphene–Ru(0001) interaction for upcoming ex-
periments, e. g., further IETS investigations similar to the presented study on Ir(111).
Additionally, potential demixing processes during the cooldown of the cointercalated
graphene may provide opportunities to design multi-component patterns at the na-
noscale.
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A Transport Calculations of
Intercalated Graphene on Ir(111)

Reproduced in part with permission from
Nano Lett., 18(9): 5697–5701, 2018.

Copyright 2018 American Chemical Society.
Transport calculations provided by Mads Brandbyge from the Technical University

of Denmark, Department of Micro- and Nanotechnology.

Details of the Density Functional Theory (DFT)
Modeling

Following Andersen et al.,[98] the optB88-vdW functional [221] and plane-wave cal-
culations [222] were used to relax the sample structures. A slab of four Ir(111) layers
entered into the simulations. For graphene a (6× 6) unit cell was used together with
a 2 × 2 k-point sampling. The Ir slab was kept fixed and strained by ≈ 2 % to ma-
tch the graphene unit cell dimensions, while the intercalant (Cs or Li) and graphene
were relaxed. For Cs the distance between Ir and graphene is 630 ± 7 pm, while
it is 430 ± 8 pm in the case of Li (the ranges indicate the rippling), in reasonable
agreement with previous findings.[98] In both cases we find a considerable n-doping
corresponding to a Fermi energy of εF ≈ 1 eV.
The relaxed structures served as an input to the subsequent nonequilibrum Green

function (NEGF) calculations. The Siesta code [223] combined with the Tran-
Siesta method, [93, 224] and the Inelastica package [225] to obtain the electron-
phonon couplings via finite displacements of the atoms were applied. To this end, Ir
electrodes were attached to the relaxed structures and a small Au tip was mounted
[Fig. A.1(a,b)]. The Perdew-Burke-Ernzerhof (PBE) functional [226] with the stan-
dard single-zeta polarized (SZP) linear combination of atomic orbitals (LCAO) basis
[223] was used for the Ir, the double-zeta polarized (DZP) basis for the outermost
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Ir layer and for the intercalants, and for graphene a double-zeta double-polarized
(DZDP) basis set with range up to 0.45 nm, which includes the lowest unoccupied
bands of graphene.[30, 95]

Multi-electrode Setup

We emphasize that the boundary conditions for the electron transport are crucial
for describing the experiments. In a standard inelastic DFT-NEGF calculation one
typically considers two terminals, tip and substrate, and uses periodic boundary

(b)

(d)

(a)

Γg Γt Γg

Γs

Ir bulk

Rg Rser

Rs

Σg Σg

PBC

(c)

Figure A.1: (a) Setup of the transport calculation for the example of Li. The Au
tip atom is 440 pm above the graphene plane. Electrodes are attached at the slab
regions indicated by the shaded areas. Schematically, electron escape rates to the tip,
Γt, to graphene, Γg, and to the substrate, Γs, are considered. (b) Tip and sample unit
cell seen from above. (c) The three-terminal setup where electrons can terminate in
the tip, graphene or the Ir substrate electrode. The graphene terminal is introduced
in the calculations by using a pristine-graphene self-energy (Σg, marked by gray
spheres) in the indicated directions in the graphene plane instead of periodic boundary
conditions (PBC). PBC are used in the remaining direction in the graphene plane
(dashed arrow). (d) Simple resistor picture for the electron transport from the tip to
the bulk Ir electrode. The current injected into the graphene plane (represented by
the resistance Rg) outside the unit cell will eventually end up in the Ir bulk electrode
(Rs) via a series resistance (Rser).
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conditions (PBC) in the transverse direction on the total structure. For large unit
cells as in the present case one will typically use only a few transverse k-points.
However, this setup results in vanishing vibrational signatures in the current and
does not reproduce the experimental results.

In order to model the experimental data, where the inelastic conductance steps
are of the same order of magnitude as the zero-bias conductance, it is important to
resolve the states at the Fermi level in graphene. Instead of using a prohibitively fine
transverse k-point sampling an alternative approach is proposed here by attaching
a third terminal that collects freely propagating electrons in the strongly n-doped
graphene layer. This amounts to replacing the PBC by open boundary conditions
in one graphene direction with graphene self-energies [Σg in Fig. A.1(c)] as done in
DFT-NEGF transport calculations.[93, 224]

We calculate Σg for a pristine graphene cell with the same parameters as in the
full cell and fix the energy of Σg to that of the Fermi energy of intercalated graphene.
The PBC are kept in the remaining transverse direction for computational simplicity,
and the Γ-point approximation is used like for the Ir electrodes in both transverse
directions. Thus, the electrons in graphene can couple with effective rates Γt, Γg,
and Γs to, respectively, the tip, graphene outside the central cell, and the substrate
as shown in Fig. A.1a, although these rates are not directly available or defined in
the full calculation. A benefit of this approach is the possibility of evaluating the
current that branches into the graphene under the tip, escapes into graphene, and
only at some later stage enters the bulk metal electrode away from the tip region
[Fig. A.1(a)]. We find that to a good approximation the total conductance equals the
sum of the conductances of the graphene and the Ir substrate terminal. In a simple
picture our setup can, therefore, be visualized as two resistors in parallel as depicted
in Fig. A.1(d), with an additional serial resistance Rser for electrons that enter the
substrate only outside the unit cell.

Calculation of Inelastic Electron Transport

The inelastic contribution to the current is obtained from the lowest-order expansion
(LOE) method.[96] The expressions can easily be split into contributions from each
of the terminals, e. g., from graphene and Ir, assuming the same chemical potential in
graphene and Ir. Following a previous report, [96] the contribution of each terminal
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� for a given mode � is calculated as

@2
V I
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where the constants are given in terms of Green functions (G), spectral functions
(A), and electron-phonon couplings ()
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with the chemical potentials �L, �R for, respectively, left and right electrode. We use
an energy constant � in graphene (due to the artificial PBC in one direction) and
consider only the voltage-symmetric part of the conductance. Furthermore, contribu-
tions from Ir phonons (< 20meV) are neglected, and only vibrations of the C atoms
are included. The central inelastic scattering region in the calculation setting the size
of the σ–π coupling matrix M includes two layers of Ir on both sides (Fig. A.1).

Simple Model

The findings obtained by the DFT-NEGF calculation can be expressed in a simplified
two-level model involving a π-state at K/K0 with energy (επ = εF ≈ 0 eV) and a
σ-state representing the first unoccupied band at Γ with energy εσ. This model is
inspired by a previous work, [30] although the σ-state in principle could also represent
a tip s-state.

The wide-band approximation is used and the coupling of the graphene π-state
to the substrate is modeled by an imaginary self-energy (inverse lifetime) Γπ. The
σ-state is also coupled to the substrate via Γσ as well as to the tip via Γt. The σ-state
has a long range [95] and, thus, Γσ > Γπ. Considering now that the current can flow
directly between the tip, σ-state and the substrate, or from the tip, σ-state via phonon
excitation (electron-phonon coupling λ) to the graphene π-state and subsequently to
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the substrate, the corresponding unperturbed (no phonon) Green function reads

G =
0@ ε− i�π

2 0
0 ε− εσ − i�t+�σ

2

1A−1

. (A.4)

The phonon couples the σ and π-state by the matrix

M = λ

0@ 0 1
1 0

1A . (A.5)

For the inelastic process the lowest-order (symmetric) inelastic conductance step
height is [96, 97]

 = Tr[MÃLMAR] (A.6)

with AR = Gy�RG (ÃL = G�LGy), AR (ÃL) being the right (left time-reversed)
spectral function. The right electrode R may represent the tip,

�R =
0@ 0 0

0 Γt

1A (A.7)

while the left electrode L represents the substrate,

�L =
0@ Γπ 0

0 Γσ

1A . (A.8)

The inelastic step height reads

 = λ2Aπ(εF + ~
)Aσ(εF) (A.9)

where (εF � 0 eV),
Aσ(εF) = Γt + Γσ

ε2
σ +

�
�t
2 + �σ

2

�2 , (A.10)

and
Aπ(εF) = Γπ

(~
)2 +
�

�π

2

�2 . (A.11)

Likewise, the zero-bias conductance is obtained as

g(0) = Tr[�LAR] = Γt Γσ
ε2
σ +

�
�t
2 + �σ

2

�2 . (A.12)
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If we assume ~
 � Γπ and neglect the vibrational energy we can now calculate
the relative conductance increase (inelastic step height divided by the zero-bias con-
ductance),

∆g
g(0) = 

g(0) = 4λ2

Γπ

� 1
Γt

+ 1
Γσ

�
. (A.13)

For small tip coupling Γt � Γσ we obtain



g(0) = 4λ2

ΓtΓπ
. (A.14)

This explains why for increased hybridization of graphene with the substrate or incre-
ased tip–graphene coupling, the inelastic signals become quenched in the experiments.

In the limit of very small substrate coupling (Γπ,Γσ � ~
,Γt) the relative con-
ductance increase is



g(0) = λ2

(~
)2
Γπ
Γσ
, (A.15)

where now the coupling Γπ becomes a bottle-neck for the inelastic process.

When the tip is in direct contact with graphene we may expect Γt � Γσ and thus



g(0) = 4λ2

ΓσΓπ
. (A.16)

Assuming that Γσ and Γπ scale in the same way as we change the distance to the
substrate, we get a scaling with substrate Hamiltonian matrix element, w, Γπ / Γσ /
w2,



g(0) /
1
w2

�
1 + a

w2

�
, (A.17)

where a is the ratio Γt/Γσ at w = 1. In Fig. A.2 we show the fit of this expression to
the DFT results.

To obtain a simple measure of the coupling to the π orbitals directly from the
DFT-NEGF calculation we calculate

Γπ = Tr[S (PπA(EF )Pπ) Pπ�(EF )Pπ]
Tr[S (PπA(EF )Pπ)] (A.18)

where Pπ is the projection matrix onto the π-electronic system of graphene. Here,
the broadening of the π-states is estimated by projecting the broadening matrix, �,
obtained from the self-energy of the entire intercalated sample, weighted by graphene
pz-states via the projection of the spectral density (A) at the Fermi level, to the
π system (and including the non-orthogonality via the overlap matrix, S). This
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Figure A.2: Fit (solid line) of Eq. A.17 to the DFT results for Cs (dots), where the
Hamiltonian matrix element, w, between C and Ir atoms was scaled by hand. The
unscaled Li data point (squares) is shown for comparison.

procedure yields a lifetime broadening of Γπ = 0.67 eV for Li and Γπ = 0.18 eV for
Cs, which is in good agreement with the ratio of ∆g(Cs)/∆g(Li) ≈ 3 ≈ Γπ(Li)/Γπ(Cs)
for similar Γt (tip distances). From the simple fit procedure (Fig. A.2) λ and Γσ can
be estimated. The fit yields Γt/Γσ = a ≈ 2.3. Using g0 = 0.02G0 in Eq. A.12
and ∆g/g0 ≈ 3 in Eq. A.13 leads to Γσ = 0.35 eV for Cs and λ = 0.18 eV for both
intercalants. Consequently, for Li the coupling is scaled to Γσ = 3 �0.35 eV = 1.05 eV.
These results are summarized in TableA.1 below.

Table A.1: Coupling constants for the calculated Cs and Li systems obtained from
the fitting procedure described in the text.

Γσ (eV) Γπ (eV) λ (eV)
Cs 0.35 0.18 0.18
Li 1.05 0.67 0.18
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