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Abstract

In this work, the ripening behavior of clusters has been studied by time-resolved Scan-
ning Tunneling Microscopy at various temperatures, to get fundamental insights into
the stability of supported nanoparticles, critical for their application in various fields,
e.g. in catalysis. Truly monodisperse model catalysts were investigated that consist of
atomically precise, size-selected Pd clusters adsorbed on specific sites of metal-supported
graphene, where every cluster experiences the same chemical environment. The study
reveals how thermal stability and the appearance of certain ripening mechanisms de-
pend on the strength of the cluster-support interaction, on the cluster size and on the
particular isomer configuration.

Kurzzusammenfassung

In dieser Arbeit wurde das Reifungsverhalten von Clustern mittels zeitaufgelöster Ras-
tertunnelmikroskopie bei verschiedenen Temperaturen untersucht, um grundlegende Ein-
blicke in das Stabilitätsverhalten von geträgerten Nanopartikeln zu erhalten, welches für
deren Verwendung in verschiedensten Gebieten, etwa im Bereich der Katalyse, entschei-
dend ist. Vollkommen monodisperse Systeme wurden untersucht, welche aus atomar
genau größenselektierten Pd Clustern bestehen, die alle an spezifischen Plätzen des me-
tallgeträgerten Graphens adsorbiert sind, an denen jeder Cluster die gleiche chemische
Umgebung besitzt. Die Studie klärt auf, dass die thermische Stabilität und das Auftreten
bestimmter Reifungsmechanismen von der Stärke der Cluster-Träger-Wechselwirkung,
der Clustergröße und der jeweiligen Isomer-Konfiguration abhängt.
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1 Introduction

1.1 Motivation and objectives
The change of the energy supply is an important task of the 21st century. Natural re-
sources of hydrocarbons become harder accessible. Furthermore, the conversion of these
resources is highly indicated to enhance global warming. The production of hydrogen
and the production of hydrocarbons by hydrogen and CO

2

are promising concepts to
address these issues.
These points are linked strongly to catalysis, e.g. by the Fischer-Tropsch process [1] to
form longer hydrocarbons or by electrocatalysis to generate molecular hydrogen.
Catalytic processes require often noble metals. These elements show low abundances on
earth [2] and, for human use even more important, low abundances in the earth’s crust
[3] and in the seawater [3]. Therefore, one goal is to use these materials more e�cient
or to substitute them by more abundant materials.
A detailed understanding of the catalyst and the processes at the catalyst are required
to enable such a rational design.
Concepts of nanoparticles in heterogeneous catalysis are well known [4–6] and are broadly
industrially used [7–9]. Especially, the development of surface science studies [4, 5] con-
tributed significantly to the fundamental understanding of heterogeneous catalysis [6,
10]. Nevertheless, two important information gaps have still to be addressed.
On the one hand, the materials gap [11–14]: Catalysts are highly complex assemblies.
In real, i.e. industrially used, catalysts are the catalytic active sites embedded in a com-
plex matrix, whereas the surface science studies are employed on single crystals. This
matrix can steer the reaction pathways, making it highly important for catalysis. The
matrix consists of several parts and regimes. On the atomic scale, i.e. for the catalyti-
cally active particle, these are the dispersion of the atoms, i.e. the ratio of the surface
atoms with respect to all atoms, the morphology of the catalytically active particles.
The morphology can be manifold, defects, steps, alloying and so on. Such positions o�er
various adsorption energies and electronic properties, which are crucial for the activity
or inactivity as catalysts.
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1.1. Motivation and objectives

Furthermore, the support is of huge importance. The support can di�er from a quasi
inactive compound up to a co-catalyzing behavior. In most cases the role is interme-
diate, i.e. the support changes significantly the geometric and especially the electronic
structure of the catalyst. For this the support material and its morphology are crucial.
For instance the binding energy and the electronic structure are di�erent at support de-
fects or at interfaces between two compounds of the support. Also, so-called promoters,
i.e. dopants in the support or the catalyst influence the electronic structure, enabling
for example electric conductivity of the support.
On the larger scale small pores can favor reactants or products of specific dynamic di-
ameters, i.e. the pores influence the di�usion and flow conditions of the reactants and
products streams.
On the other hand, the pressure gap [13, 15, 16]: The pressures in surface science studies
are mostly in the Ultra High Vacuum (UHV) range, whereas the pressures in industrial
processes are mostly in the range of atmospheric pressures. This pressure di�erence of
about ten orders of magnitude ends in several changes. According thermodynamics in
a shift of the chemical potential in the range of ~0.5 eV at Room Temperature (RT)
[17] and of even more at elevated temperatures. This allows di�erent reaction pathways.
According kinetics, e.g. the di�usion behavior and the mass transport, are strongly
a�ected. Also, the mechanical resistance of the surface against pressures and the pore
structure can be a�ected.
The systems need to be reduced in complexity to bridge these gaps. This facilitates fun-
damental insights at the expense of a complete understanding. Monodisperse catalysts
enable this, due to their systematically controllable properties, i.e. the formation of a
multi-component system with only one kind of very defined cluster species, which can
mimic the real catalyst well and which can be investigated in parallel experimentally
and theoretically.
Such a catalyst is composed of equal particles, which have all the same chemical envi-
ronment. This can be achieved by size-selected clusters on homogeneous, i.e. defect-free,
supports. Such systems enable to observe subtle changes, e.g. isomer e�ects.
Clusters are particles with less than 100 atoms, which o�er high surface areas, specific
geometric and electronic behavior and properties, which are non-scalable according to
their size. Electronic and geometric shell closures and specific electronic states start
to dominate the bulk properties. The size can be regarded as the 3rd dimension of
the periodic system of elements. Clusters behave di�erently than bulk materials due
to quantum size e�ects that become dominant upon reducing the dimensionality of the
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1.2. Thesis outline

material grains. The cluster properties become non-scalable, i.e. every atom change in
size can end in fundamental property changes [18–20].
In the field of catalysis, this can be used to optimize reaction pathways in a desired
way by reducing kinetic barriers, i.e. the activation energies. It was shown that Au is
catalytically active, when present in the form of small nanoparticles [21–24]. As Heiz
et al. could show, the reactivity starts from Au

8

in the CO oxidation [18]. Choice of
appropriate supports gives a further handle for reactivity tuning.
For these particles is stability against temperature or chemicals a central issue to pre-
serve the cluster properties, e.g. the catalytic reactivity. The cluster-support interaction
is a very important handle to achieve this, because the surface free energy, i.e. the en-
ergy which is required to form new surfaces drives the particles to coalesce. Even if
e�cient cluster assembled catalysts help to reduce the required reaction temperatures,
the applied temperature and the evolving reaction heat lead to the requirement of high
thermal stabilities. Furthermore, various reactions require elevated reaction tempera-
tures - entropy-driven reactions for example or reactions that require elevated light o�
temperatures, such as the catalysts used in automotive exhaust gas purification.

1.2 Thesis outline
A monodisperse catalyst system is used, to push forward the understanding of catalysts
and to access rational design of catalysts.
This consists of three components, a metal single crystal, graphene and size-selected
clusters. Graphene o�ers several advantages. It can be formed in a rather simple and
reproducible way by small precursors. It is intrinsically flat and o�ers clean surfaces.
This makes it ideal for Scanning Tunneling Microscopy (STM) measurements. It of-
fers favored adsorption sites and high activation barriers between such sites, leading
to improved cluster stability. Furthermore, it o�ers comparable stability as classical,
industrially used supports, because it seals the support surface. Therefore, it prevents
bulk di�usion, o�ers specific adsorption sites and passivates step edges and other inho-
mogeneties of the metal support.
The size-selected clusters adsorb all at specific adsorption sites, i.e. have all the same
chemical environment. Pd is employed as cluster material, because it is used in many
catalytic processes, e.g. in selective hydrogenation [14, 25], in organic coupling-reactions
[26] and in exhaust purification [27]. Also, Pd has an outstanding hydrogen chemistry,
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which can be used among other applications for separation [28, 29] and for sensors [30,
31], and o�ers an interesting electrochemistry [32–37]. Furthermore, the acquired in-
sights on Pd can be transferred to some extent to other cluster materials, due to its
intermediate binding strength to graphene among the late transition metals [38].
The three components of the model catalyst can be varied systematically, i.e. each
component separately. This gives access to a huge variability.

1. Variation of the metal support, while maintaining the graphene and the cluster
size.

2. Variation of the graphene to boron nitride thin film, while maintaining the metal
support and the cluster size.

3. Variation of the cluster size, while maintaining the support metal and the graphene.

The monodispersity enables the application of local (microscopy) and integral (spec-
troscopy) methods. Nevertheless, the major open challenges according the materials
gap in the field of supported-metal catalysts can be separated in these three fields [39].

1. The stabilization and dispersion.

2. Interplay of morphology and reactivity, e.g. particle size e�ects and isomer e�ects.

3. Promoting and inhibiting e�ects by other compounds.

Local techniques are used, because they o�er the possibility to analyze structures, which
are too complex, respectively contain too many di�erent species, to resolve them with
integral methods. Furthermore, non-periodic and non-equilibrium species can be ana-
lyzed that way, which occur during reactions and especially close to the transition state
in low concentrations.
Transmission Electron Microscopy (TEM) studies indicate that the reactivity can change
dynamically under reaction conditions [40]. In this work Variable Temperature Scanning
Tunneling Microscopy (VT-STM) is employed on systems with and without reaction am-
bients to fundamentally analyze the changes of the particles, i.e. to do the analyses with
and without the influence of reaction ambients. The setup allows to exert, among others,
these things.

• Structure determination of isomers

• Analysis of individual clusters as well as statistical analysis of cluster ensembles
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• Exact height determination down to 10 pm

• Perfect temperature control

• Access to elevated pressures, i.e. the monitoring of reactions

• Exact pressure control

The temperature and the pressure control are enabled by the development of appropri-
ate sample holders and gas dosing systems. The experiments are conducted at UHV
conditions to ensure that only the reactants of purpose interact with the catalyst.
This work points also to enhanced time-resolution to study dynamical properties, e.g.
short living intermediates.
Temperature Programmed Desorption (TPD) is used to complement the local measure-
ments with integral data and for fast screening of new systems. For this, a Quadrupole
Mass Spectrometer (QMS) is equipped with a Feulner cone to achieve low detection
limits.
The work is structured in 4 parts that are hierarchically based one on the other.

1. In order to achieve a perfect substrate growth, the pathway from ethene to graphe-
ne, i.e. the surface organochemistry, is revealed in detail. Because to obtain
graphene with one defect on an area of 100 · 100 nm2 about 100,000 carbon atoms
have to be well aligned. In analogy to the formation of high-quality single crystals
this is expected to require specific reaction conditions.
The two most important questions which arise, are:

• Which reaction conditions are required to form high-quality graphene?

• Which intermediates and which mechanisms can be observed at intermediate
temperatures?

2. Annealing experiments on various supports are accomplished in order to under-
stand the cluster stability. The two most important questions which arise, are:

• How do the ripening mechanisms occur and how is their influence on the
cluster morphology?

• How do the ripening mechanisms depend on cluster size and on the support?

3. Annealing experiments on various supports are accomplished in order to under-
stand cluster size e�ects on the morphology. The two most important questions
which arise, are:

5



1.3. Development of cluster research

• How does the cluster adsorption site depend on the cluster size and the sup-
port?

• Can processes at the adsorption sites tell something about the present di�u-
sion mechanism?

4. The cluster source is optimized and is used to implant clusters into surfaces. The
two most important questions which arise, are:

• How can clusters be immobilized in membranes, to enhance the stability for
usage under harsh conditions?

• How do the metal support and the graphene film act as templates for the
formation of impact patterns by the deposition of highly energetic clusters?

Summing up, this study aims to contribute to a fundamental understanding of the mo-
bility of cluster-assembled materials. This is a way towards rational design of catalysts,
although the road to the practical realization is long. To access a broader impact for the
measurements presented in this thesis two intensive collaborations have been run during
the last years. These are for Density Functional Theory (DFT) calculations, B. Yoon
and U. Landman (School of Physics, Georgia Institute of Technology, Atlanta, Georgia
30332-0430, USA.) and for Low Temperature Scanning Tunneling Microscopy (LT-STM)
and High-Resolution Low Energy Electron Loss Spectroscopy (HREELS) measurements
C. Bromley and R. Schaub (EaStCHEM and School of Chemistry, University of St An-
drews, St Andrews, KY16 9ST, UK.).

1.3 Development of cluster research
Beyond catalysis, the unique chemical and physical properties of cluster materials en-
able applications in various fields, from optical to electronic and magnetic properties,
e.g. phonon excitation, photocatalysis or co-catalysis. Some e�ects are known since
medieval ages, e.g. to color glasses, and have been characterized at least since the 19th

century [41, 42].
The research on size-selected clusters exists since the development of laser evaporation
cluster sources in the late 1970s [43–47]. These cluster sources o�er a sharp kinetic
energy distribution of about 3 eV Full Width Half Maximum (FWHM). U. Heiz and
co-workers [48] developed laser evaporization cluster sources with by far improved clus-
ter currents. This has enabled deposition and analysis of clusters on surfaces. Up to
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now many groups have been working in the field of clusters and nanoparticles and many
applied local probe techniques, i.e. mostly STM and Atomic Force Microscopy (AFM).
But, most of them used nano-particles and clusters with huge size distributions. For
this mostly atomic vapor deposition was used [40, 49–54], ending in Poisson-like clus-
ter size distributions. There are few groups, which characterize size-selected supported
clusters with local probes. Pioneering work was done by Kern, Harbich and co-workers
[55]. They formed Ag

n

clusters on Pt(111) by deposition at soft-landing conditions,
i.e. without fragmentation of the clusters. This proofed the approach of monodisperse
nanostructures on surfaces by deposition. Furthermore, they showed that the clusters
can be immobilized and stabilized up to higher annealing temperatures via deposition
at higher kinetic energies, at so-called hard-landing conditions.
Harbich and co-workers [56, 57] proofed with STM the exact structure and the exact
atom count of deposited Ag

19

clusters. Meiwes-Broer and co-workers [58] detected with
STM size e�ects for Pt clusters in the range of 5 to 400 atoms. Palmer and co-workers
have been working on cluster hard landing on graphite [59]. This enables immobilization
of the clusters on the surface and higher temperature stability of the clusters. Buratto
and co-workers obtained via STM and AFM information about the temperature stability
of soft landed Au and Ag clusters and hard-landed Ag clusters [60] on TiO

2

[61, 62].
Early studies on corrugated monolayers [63–65] and especially the increased research
interest on these systems after the development of the outstanding electric and ther-
mal properties of graphene [66–71] gave access to these supports. The deposition of
unselected clusters on such films was performed by atomic vapor deposition [53]. This
showed the presence of specific adsorption-sites [53, 72]. Further on, the development of
truly monodisperse systems, which can be used for catalysis, was shown by DFT [73, 74]
and by experiments in our group [75, 76]. This enabled the first observations of dynamic
isomer e�ects of metal clusters [75]. Studies showed also the specific ripening behavior,
respectively the thermal stability of size-selected clusters [75–78].
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2 Experimental section

2.1 Experimental setup
The setup (Figure 2.1) consists out of two major parts, an UHV analysis chamber (Fig-
ure 2.1(a,b)) with a base pressure below 2 · 10≠10 mbar and a di�erentially pumped laser
evaporation cluster source (Figure 2.1(c)) with an end pressure of about 1 · 10≠8 mbar.
The laser evaporation cluster source is used to form size-selected clusters, i.e. clusters
with a single count of atoms in the range up to about 80 atoms per cluster. The analysis
chamber consists of two parts, a chamber for sample preparation and integral analy-
sis and a part for the scanning probe microscopy. In the preparation chamber, an ion
source (Specs IQE 11/35) for sputtering is installed, as well as an Auger electron spec-
trometer (AES) (Omicron EA125), a quadrupole mass spectrometer (QMS), e.g. for
TPD-measurements (SRS RGA 200), a quartz-micro-balance, an evaporator (Omicron
Focus UHV Evaporator EFM3s) and a gasline for gas dosing via leak valves. The mi-
croscopy chamber contains the Omicron VT-STM/AFM. A detailed description of the
setup is in the PhD thesis of M. Bieletzki [79]. UHV ambients are reached by baking
of the whole vacuum system to at least 390 K for a minimum of 24 hours, in order to
remove strongly coordinating molecules, e.g. H

2

O from the metal walls of the chamber.
At RT these molecules would desorb continuously, excluding UHV ambients.
During the thesis work the system was improved for three reasons.

1. To enable a change from static to dynamic STM-measurements under reactive gas
environments.

2. To yield high sensitivities according to the detection of low surface coverages.

3. To allow reliable cluster depositions.

2.1.1 Cluster source

The used high-frequency laser evaporation cluster source follows the design by Heiz et
al. [48]. The cluster material, here Pd, is laser ablated by a 100 Hz Neodymium-
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Fast-entry lock
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Figure 2.1: Overview of the experimental setup. (a) Microscopy chamber on the left, prepa-
ration chamber on the middle, cluster source in the background on the left; (b) Reversed view
image of (a), microscopy chamber on the right, preparation chamber on the left; (c) Close-up
of the cluster source; The significant parts of the setup are named in the images and located
by arrows.
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doped Yttrium Aluminum Garnet (Nd-YAG) (Innolas Spitlight DPSS 250) laser from a
rotating target, yielding a metal plasma with a temperature up to 10,000 K. This plasma
is collision-cooled by 8 bar He pulses and supersonically expanded into a chamber with
about 1 · 10≠1 mbar pressure. Thereby, the clusters nucleate. The so formed clusters
are guided through Einzel lenses, an octopole and a bending quadrupole, which directs
positively charged clusters into a quadrupole mass spectrometer (ABB-Extrel 150-QC),
which performs the mass selection up to a mass limit of 16000 amu. This path is
accompanied by di�erential pumping stages, yielding in pressures of ~1 · 10≠6 mbar
during deposition and base pressures of ~1 · 10≠8 mbar. The size-selected clusters are
further guided via Einzel lenses onto the target in the preparation chamber. During
deposition, the chamber pressure is ~2 · 10≠8 mbar and the residual gas pressure is
~8 · 10≠10 mbar.
The QMS can be used in two di�erent modes for the cluster deposition. First, in the
mass-selective mode, which allows the deposition of perfectly size-selected clusters. In
this mode the following oscillating potential is applied onto two opposite rods of the
QMS and in 180¶ phase shift onto the two other rods: U(t) = U+Vcos(Êt). This
potential consists of two components. The static potential, U, which acts as a low-
pass filter [80–82] and a sinusoidal radio frequency field Vcos(Êt), i.e. an alternating
voltage, which acts as a high-pass filter. Here, V stands for a fixed potential, Ê for the
radial frequency and t for the time. Second, the so-called rf-only mode, which ends in a
loss of the perfect size-selection, but enables about 40 times higher cluster currents, i.e.
~2 nA, instead of ~50 pA for the selected clusters. In this mode only the radiofrequency
field is active. Then, the QMS acts as a high-pass filter. Theoretically, masses above
0.706/0.908 of the set mass can pass the QMS [80, 81]. In experiments, which are never
ideal, the minimal ratio is always closer to one [81]. The cluster deposition is done at
an acceleration potential of 1.5 V. This yields in sum with the kinetic energy of the
clusters in an average deposition energy of ~3 eV for Pd

20

. Thereby, the clusters with
the highest energy own ~8.8 eV (Figure 2.2). These energies are for clusters of sizes
from about 5 atoms on low enough to exclude fragmentation via deposition, because the
cohesive energy of the cluster is higher than the deposition energy. Due to the Lorentz
force based deflection in the bending quadrupole, the clusters are exclusively positively
charged and the absence of pronounced intermediate mass peaks (Figure 2.2) indicates
that about ~98% of the clusters are singly charged. The deposition is done in such a way
that the maximal cluster beam density focuses onto the center of the sample. Thereby,
the maximal current density would own the full current within an area of ~0.3 cm2,
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Figure 2.2: Mass separation (left panel) and deposition energy distribution (right panel) at
soft-landing conditions.

i.e. ~3·1014 nm2 as calibrated by STM. Although, the cluster current density shows in
real a gaussian profile. This allows to roughly calculate the required deposition time to
achieve certain coverages. At 50 pA cluster current, i.e. ~3·108 clusters per second, a
cluster density of 0.1% with respect to the substrate surface atoms, i.e. ~3·1011 clusters,
requires a deposition time of ~3·103 seconds. The cluster current is measured and the
acceleration voltage is applied by a picoamperemeter (Keithley, Picoammeter 6487) or
a current preamplifier (Stanford Research Systems, SRS 570).

The improvement of the cluster source, being similar to the one described by Heiz
and co-workers [48] is of central importance to improve the measurements, because
higher cluster currents result in shorter deposition times and so in less influence of the
background pressure. First, to use the macroscopic precious metal target more e�ciently,
at the moment, about 99.9% of the material is not deposited onto the sample. Second,
enlarging the cluster current enables shorter deposition times, less contamination by
the backpressure and the observation of clusters without gas adsorbants. Nevertheless,
hydrogen is even at UHV ambients present and is likely saturating the clusters.
The deposition is done at RT. Afterwards, the samples can be used directly for the
according experiments. Here, annealing experiments were often employed. There, the
heating can be done in two ways.
ex-situ to avoid thermal drift in the STM. Thereby, the sample temperature is raised
with ~120 K/min, hold for three minutes at the indicated temperature and cooled down
to RT with ~200 K/min, before putting it into the STM.
in-situ to observe temperature-dependent changes directly in the STM.
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2.1. Experimental setup

Target rotation

The target rotation implies a hypocycloidal movement [83][48] that is generated by an
eccentrically moved disc in order to ablate the whole target surface as evenly as possible,
which rotates with respect to an eccentric laser (Figure 2.3(a-c)). In more detail, the
whole cluster generation part consists of a target, which is pressed against a metal plate
with a small hole, which is eccentrically located within a large gear (Figure 2.3(c)), in
which the target is moving. The movement is done by an electric motor and the laser
beam hits the target through the small hole, passing before the nozzle, which acts after-
wards as volume for the He-metal plasma, which is formed by the laser pulse, to form
clusters. The He is pulsed by a piezo valve into the junction between target and nozzle.
This hypocycloidal movement, while giving access to almost the whole target surface,
was not corrected for the di�erent lateral velocities, yet. This yielded in a strong vari-
ation of the ablation (Figure 2.3(d)). Thereby, the dark grey area represents the area,
which is alternately covered by the Pd target and the bright grey area located in the
middle is always covered by the target, which has a diameter larger than the radius of
the larger gear (Figure 2.3(c)). This ends in a stronger ablation at the extreme target
positions. Black arrows mark the areas of strongest ablation at the outer and especially
at the inner rim, i.e. at the turning points of the ablation (Figure 2.3(d)). But, a regular,
even ablation requires the laser spot density to be equal over the whole surface.
This was achieved by a simulation based optimization of the target rotation. Thereby,
the simulations were done together with Elisa Miniussi (IOM-CNR Laboratorio TASC,
Trieste, Italy) and the fabrication of the electronics was done by the Zentralbereich
Elektronik at the Chemistry Department of Technische Universität München.
First, the initial state was modeled. In Figure 2.4(a) a simulation of the illumination of
the target by the laser is shown. It is obvious that the intensity is mostly on the rim
close to the center and less pronounced on the outer rim. In Figure 2.4(b) the intensities
are plotted against the rotation of the target in radians, i.e. 2 · fi represent a full circle.
The starting point is artificially chosen. But, with respect to this point, after 1/2 · fi,
the slight peak of the integrated density represents the situation at the outer rim of the
target. After 3/2 · fi, the large peak represents the situation at the inner rim. In Fig-
ure 2.4(c) this illumination is plotted with respect to the distance from the target center.
The point density simulates the situation for a perfect, i.e. infinitesimally small, laser
spot. The integrated density represents the situation for a laser profile with a FWHM
of 0.5 mm, i.e. corresponding to the used laser beam. This intensity distribution corre-
sponds to the strong ablation on the center part.
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a)

b)

f)

h)e)

d)

c)

g)

Target

Electro motor
He gas inlet Piezo valve

Nozzle

Large gear Large gear

Light barrier

Figure 2.3: Improvement of the target rotation - e�cient use of the target material. (a)
Cluster generation part of the cluster source with old rotation mechanism; (b) Target region
in mounted form; (c) Target region after removal of the target; (d) Target after usage under
the old rotation mechanism (black arrows indicate the regions of enhanced ablation). (e)
Mounted cluster generation part of the cluster source with new rotation mechanism. (f) Speed
regulation via light barrier; (g) Electronic control box; (h) Target after usage under the new
rotation mechanism (black arrow indicates the by far reduced ablation inhomogeneity). The
significant parts of all instruments are assigned with their names and located with arrows.
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Figure 2.4: Simulation of the ablation process at the target. (a) Simulated ablation pattern
on target; (b) Laser intensity with respect to the radian; (c) Laser intensity with respect to the
radius; (d) Modulated angular velocity to address the ablation modulation along the target
surface.

Based on this knowledge, the target rotation speed is modulated proportional to the sim-
ulated illumination density, to compensate the di�erences (Figure 2.4(d)). The target po-
sition is monitored by a light barrier, which can distinguish 256 positions (Figure 2.3(f)),
the rotation speeds are initialized by a micro-controller. Hereby, the calculated optimal
speeds are applied 1/20 · fi earlier to compensate for the inertia of the system. Also, the
dynamic range of the motor speed is limited to about a factor of five. Therefore, the
density variations can be not completely compensated. The time per target rotation is
~10 seconds. Figure 2.4(h) represents the target after intensive laser ablation, similar to
the extent of ablation time on the target in case of the initial rotation (Figure 2.4(d))
and with the rotation speed oscillation in use and clearly shows that the ablation is still
most strongly close to the center, due to the smaller diameter in this region, but about
a factor of five less pronounced than initially.
As a result, the target lifetime is increased by about a factor of five. A side e�ect is the
reduction of the cluster current oscillations, due to the reduction of target asperities,
thus better conditions for the cluster deposition and the cluster current optimization.
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a)

e)

d)c)b)

f)

Figure 2.5: Improvement of the cluster guiding path. (a) Aligning of the bending quadrupole
and of the QMS by employing a center flange and a carbon fiber rod; (b) Bending quadrupole
with wiring for the lenses; (c) Octopole; (d) QMS with additional Einzel lens stacks; (e)
Mounted bending quadrupole with additional Einzel lens stacks; (f) Skimmer to improve dif-
ferential pumping.

Optimization of cluster guiding path

The optimization of the cluster guiding path was done by several improvements. The
system was optically aligned, the tables of the setup were improved and several new
Einzel lenses were added.
The QMS and the whole cluster source was aligned, especially the bending quadrupole

and the QMS were aligned with the help of a center flange and a 1 m long carbon fiber
rod (Figure 2.5(a)). Furthermore, the capacitance of the QMS, which should be 28 pF,
was optimized to reach a maximal feedback current. Nevertheless, the transmission of
the section of the QMS and the according lenses is still limited to ~40%. A reason for
this could be a disaligned entrance of the clusters to the QMS, which could be induced
by a deviation of the cluster beam in the octopole (Figure 2.5(c)), although the setup is
aligned. Also, several additional Einzel lens stacks were inserted to optimize the cluster
guiding (Figure 2.5(d,e)). Thereby, each plate of these lenses can be set smoothly to any
bias in the range of +/-650 V to optimize the cluster transition. Finally, the skimmer
was modified to optimize the di�erential pumping (Figure 2.5(f)). At the moment, the
system is improved for laser instabilities.
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Figure 2.6: Drawing and images of the used sample holder concept. (a) Exploded draw-
ing of the used sample holder (Drawing by Wolfgang Stiepany, Max-Planck-Institut für Fes-
tkörperforschung, 70569 Stuttgart, Germany); (b) Sample holder with Rh(111); (c) Partially
unmounted sample holder with TiO

2

.

2.1.2 Sample holder

The sample holder needs to be stable in a temperature range between 25 K and 1473 K to
enable measurements at low temperatures as well as annealing at high temperatures to
get large terraces on the crystals, which are required to get fine cluster statistics. Loose
parts on the sample holder can take up vibration energy, which suppresses e�cient STM
measurements. Furthermore, a quick and precise temperature control should be present,
heating within the STM needs to be accessible and it has to fit precisely into the STM
stage, into the manipulator as well as to the transfer devices, i.e. the wobble-stick and
the fast-entry lock (Figure 2.1).
The sample holder (Figure 2.6(a)) was designed and built in co-operation with Wolfgang
Stiepany (Max-Planck-Institut für Festkörperforschung, 70569 Stuttgart, Germany).
The sample itself (3) has a diameter of 4.4 mm on the top and of 7.0 mm on the bottom
and is either Rh(111), Ru(0001) or TiO

2

(110). On top of the sample is a 0.25 mm
thick Mo foil (1), which is electrically isolated from the sample, but presses the sample,
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mediated by a ceramics ring (2) and with the top plate of the sample holder (4) as anchor,
onto a pyrolytic graphite coated, respectively wired, pyrolytic boron nitride plate, which
acts as resistance heater (5). Below of that is a Mo plate to gain stability (6), whereas the
heated sample is well isolated from the rest of the sample holder. Furthermore, contacts
(7) enable to build an electric circuit in the manipulator and in the VT-STM. The
thermocouple (8) is of type K, i.e. a pair of chromel and alumel wire and is contacted
directly to the sample, respectively for TiO

2

(110) mounted within a hole in the crystal.
This enables the quick detection of temperature changes. The sample holder framework
(9) enables fitting to the manipulator and the STM stage and handling by a wobble
stick. The washers (10) are sapphire based to improve cooling at low temperatures
and heating at elevated temperatures [84]. The screws are Mo or Ti based. In case of
TiO

2

(110), the parts (1) and (4) and the top screws are Ti based to exclude Mo or MoO
x

on the crystal, because Mo and MoO
x

can be mobile on TiO
2

[85]. Auger measurements
showed that the Ti signals at ~380 eV and ~415 eV and the O signals at ~490 eV and
~510 eV [86][87] are accompanied by a small peak at 221 eV (Figure 2.7(g), red curve)
as long as the top parts of the sample holder are made of Mo (Figure 2.7(a) and (d)
for the corresponding STM image of the surface). This correlates with literature on Mo
[86][88]. Therefore, the top parts of the sample holder are replaced by Ti based parts.
This ends in a reduction of the Mo pollutants after the exchange of the sample pressfoil
(Figure 2.7(b, e) and ends in a complete suppression of such pollutants via additional
exchange of the sample top plate (Figure 2.7(c,f)). This indicates that the lower lying
Mo parts are not critical and therefore these parts remain Mo based.
To sum up, the new sample holder o�ers a quick and precise temperature control, which
is on a relative scale precise down to ~0.1 K, a fixed design for all samples according the
measures, variability to exchange several parts to other composition, resistance against
high thermal stress and stable heating in the manipulator as well as in the STM.

2.1.3 Reactive gas environments at UHV and low-noise level
conditions

The goal is to enable STM measurements at reactive gas environments. These applied
gas pressures should be as high as possible, while preserving the defined properties of a
UHV-system and while preserving a low-noise level, which is required to acquire high-
quality STM data.
Therefore, a pumping system is applied, which generates minute noise (Figure 2.8(a)).
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Figure 2.7: Suppression of Mo impurities on TiO
2

(110). (a) Image of the TiO
2

(110) sample
holder in its initial state; (b) Image of the TiO

2

(110) sample holder after exchange of the sample
pressfoil material from Mo to Ti; (c) Image of the partially dismounted TiO

2

(110) sample holder
after exchange of the sample top plate material from Mo to Ti; (d) Corresponding STM image
to the situation in (a); (e) Corresponding STM image to the situation in (b); (f) Corresponding
STM image to the situation in (c); (g) Auger spectra of sample (a), red curve and sample (b),
blue curve; upper panel: derivation; lower panel: raw data; Image sizes, 100 · 100 nm2, inset
in (b) 30 · 30 nm2; Imaging conditions, (a) -1.6 V, 2 pA; (b) 1.5 V, 1 pA; (c) 1.2 V, 2 pA.
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Figure 2.8: Improvements of pumping system and gas line. (a) Pumping system, including
magnetic turbo pump and storage container. (b) Gas line.

Continuous pumping is necessary to achieve UHV ambients, while dosing reactant gases
at up to about 1·10≠4 mbar. Higher pressure ranges should be avoided, because coronene
discharges occur in the pressure range of 1 · 10≠3 mbar to 1 · 101 mbar at the STM piezo.
The used pumping system consists of three parts, which are marked with red numbers.

1. A magnetic turbo pump (3) (Pfei�er Vacuum HiPace 300M), which generates very
low noise and this quasi exclusively close to the rotation frequency of 1,000 Hz,
thus making it well fitting for applications in microscopy.

2. An about 0.1 m3 large storage container (2), which enables to pump large gas
amounts without the backing pump running, while the backing pressure for the
turbo pump is remaining below the upper limit of 20 mbar and stays for several
days below 1 mbar.

3. An oil-free 5-stage Roots pump (Pfei�er Adixen ACP15) (1) with an end pressure
of ~3 · 10≠2 mbar, which is used to pump down the storage container, if necessary.

Furthermore, a gas line and modular stages were built-up, to achieve the general goal of
measurements under reactive gas environments and to gain flexibility. Thereby, the fol-
lowing points were specifically addressed. The gas line (Figure 2.8(b)) enables mounting
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d)c)
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a) b)

Figure 2.9: Improvement of QMS with a Feulner cone. (a) Ionization part of the QMS; (b)
Repeller grid around the ionization part; (c) upper part of the TPD shielding between QMS
and vacuum chamber; (c‘) TPD cone on top of a sample; (d) drawing of the TPD cone.

and cleaning of gases, while being separated from the preparation chamber. It is, due
to the large cross-sections of the tubing functional at UHV conditions and it allows the
mixing of gases. Furthermore, it enables the use of the fast-entry lock and the modular
stages enable the quick mounting of additional devices, e.g. gas dosers. All these parts
can be isolated from each other, but also from the preparation chamber and can be
pumped by a turbo pump. Therefore, they can be used as locks for separate bake-outs
of these regions, while preserving UHV ambients in the STM and the preparation cham-
ber. The single parts are the modular stages (1), the connection of the gasline to the
preparation chamber (2), the fast-entry lock (3) and the leak valves (4), which enable
precise dosage of gases down to 1 · 10≠10 mbar.

2.1.4 TPD

The goal was to establish a complementary technique to microscopy, which is highly
surface sensitive, i.e. has a low detection-limit and which is to some extent chemo-
selective - TPD fulfills all these criteria.

Figure 2.9(a) represents the ionization part of the QMS and the focus plate, only
ionized particles, which enter the hole of this plate will be detected.
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Figure 2.9(b) shows the repeller grid of the QMS, which isolates the QMS to the entrance
of ions from the outside, to suppress background noise, and which repels the formed ions
back to the middle of the QMS to enhance the signal.
A Feulner cone [89] is mounted to improve the shielding of the QMS, respectively to
improve the detection-limit (Figures 2.9(c and c’)). The Feulner cone is Au plated
at the inside to reduce the adsorption of gases, hence reducing the background signal
during measurements. The TPD cone can be positioned directly above the sample. One
recognizes that the shielding to the vacuum chamber is well, only molecules from the
sample can enter the hole of the cone and proceed to the QMS.
In Figure 2.9(d) a corresponding technical drawing of the shielding and the TPD cone
is plotted.
Figure 2.10 represents that TPD is a highly surface sensitive technique. The sample is
one atomic layer of ethylidyne (C

2

H
3

) in the (2x2) or c(4x2) structure, i.e. the hydrogen
content of the sample is ~3/4 of a monolayer. From the signal intensities in the raw
signal of the mass over charge ratio of m/z = 2 one can estimate than 1% of a monolayer
hydrogen can be still easily detected. Due to the much lower background pressures of
other gases, the detection limits for other m/z ratios is up to two order of magnitude
lower, i.e. already traces on the surface can be identified.
The reproducibility of the experiments and the data was improved by the development
of fixed positions of the manipulator and accordingly the sample in the manipulator
and of the TPD cone, which is always moved via a translational device to one and the
same position. This enabled distances between sample and TPD cone of about 0.5 mm
in a reproducible way. The raw signal of a TPD-measurement of ethene (5 L dosed at
270 K) on Rh(111) (Figure 2.10(a)) shows that the dominating species are a (2x2) and
a c(4x2) structure of C

2

H
3

(ethylidyne), i.e. the hydrogen content of the sample is ~3/4
of a monolayer. The spectra represents all parts of a measurement. First, the system
is stabilized at a certain temperature, here at 270 K. Thereby, the background signal
is slowly decreasing, because the dosage of ethene before is always accompanied by an
increase of the m/z = 2 signal, i.e. the hydrogen signal. This hydrogen backpressure
decreases afterwards slowly. After the hydrogen pressure decrease slowed down, the
temperature is raised by 2K/s, yielding in the according peaks in the hydrogen signal.
This coincides with an increase of the background signal, because the forming hydrogen
is again slowly pumped.
At very high temperature, the background tends more to exponential than to linear
appearance. This is accounted to the release of hydrogen by surrounding parts, especially
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Figure 2.10: TPD - chemo-selective analysis with low-detection limit. (a) Raw signal, black
points indicate the raw signal, red line represents a dynamic average over five adjacent points,
blue line indicates the temperature; (b) Signal plotted against temperature.

due to the TPD cone itself, which becomes slightly heated. Influences of surrounding
parts of the sample are suppressed by the Feulner cone. At the end of the heating
ramp is the temperature stabilized for 60 s at the maximal temperature. The hydrogen
background is in this region still increasing and decreases during the cooling just slowly,
yielding in higher hydrogen pressures at the cooling than at the same temperatures
at heating. The cooling rate is at the highest temperature range, i.e. at 1023 K,
~400 K/min.

Evaluation of TPD data

The TPD data is corrected by a temperature-dependent function to compensate for
contributions from the background. This function is based on the di�erent intensity
levels acquired via stabilization at the featureless temperature regimes at the starting
and at the highest temperature of the TPD run and is done against the time-dependent
signal. The integration is done via the time-dependent signal to exclude influences of
heating ramp oscillations.

2.2 Chemicals
The following chemicals are used for the experiments.
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Table 2.1: Composition and origin of commercial sources of the used chemicals.

Compound Composition Origin
Hydrogen 99.999% Westfalen Gas, Regensburg, Germany
Oxygen 99.998% Air Liquide, Düsseldorf, Germany
Argon 99.9999% Air Liquide, Düsseldorf, Germany
Ethene 99.5% Westfalen Gas, Regensburg, Germany
1-Butene 99.0% Messer Griesheim, Krefeld, Germany
1,3-Butadiene 99.7% Westfalen Gas, Regensburg, Germany
Benzene 99.95% VWR Chemicals, Fontenay-sous-Bais, France
Borazine 99% KatChem, Prague, Czech Republic

2.3 Sample preparation
The sample preparation is split in four parts, the cleaning of the crystal, the film prepa-
ration, the cluster deposition and in case the thermal treatment of the sample.

2.3.1 Crystal cleaning

• The Rh(111) crystal was cleaned before every experiment by three cycles of:
10 minutes Ar+ sputtering at 5 · 10≠6 mbar and 1500 eV acceleration potential,
followed by 10 minutes annealing at 1253 K.

• The Ru(0001) crystal was cleaned before every experiment by three cycles of:
10 minutes Ar+ sputtering at 5 · 10≠6 mbar and 1500 eV acceleration potential,
followed by 10 minutes annealing at 1473 K.

• The TiO
2

(110) was cleaned before every experiment by three cycles of: 10 minutes
Ar+ sputtering at 5 · 10≠6 mbar and 1000 eV acceleration potential, followed by
10 minutes annealing at 980 K. No Mo signals or features by complementary
Auger spectroscopy and STM measurements were detected. Therefore, migration
from the lower lying Mo-based parts of the sample holder onto the sample can be
excluded.

High annealing temperatures are required for two reasons. On the one hand, they are
necessary to form large terraces on the crystals. On the other hand, they are required
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2.3. Sample preparation

a) b)

Figure 2.11: Influence of the sputter incidence angle on the crystal flatness. (a) g/Ru(0001);
(b) Pd

19

/g/Ru(0001); Image sizes, (a,b) 200 · 200 nm2; Imaging conditions, 0.1 V, 0.5 nA;
-0.6 V, 1 pA.

to remove the Ar, which penetrated during sputtering into the sample. Both of these
points have to be fulfilled to enable a detailed and reproducible analysis of the cluster
height and to reduce the interfering influence of the steps and the Ar bubbles, which
a�ect the film quality. Thereby, the required annealing temperature correlates with the
melting temperature of the used crystal material.
Ru(0001) requires, besides the annealing at 1473 K for 10 minutes, which is applied on
both samples (Figure 2.11(a,b)), a gracing incidence angle of 45¶ during sputtering to
result in a flat surface (Figure 2.11(b)), whereas a vertical incidence ends in a sample
with Ar bubbles below the surface (Figure 2.11(a)). This is necessary, because to pro-
tect the sample holder it is recommended not to succeed 1473 K, which is relative to
the melting temperature of Ru(0001) lower than the temperature applied on Rh(111),
namely 1253 K.
Sometimes oxygen was used to enhance the cleaning, especially to reduce the carbon
content. Thereby, the temperature was swept between 863 K and 1133 K, i.e. within
a temperature range, which was implied by Auger Electron Spectroscopy (AES) studies
(Figure 2.12) and by comparable studies on Ru(0001) [90].
The AES measurements showed that carbon can be removed that way from the Rh(111)

crystal. While cooling of the carbon-containing crystal from 1133 K to 863 K ends in the
raise of a peak at 272 eV (Figure 2.12(a)), which remains at RT and which represents
carbon [86], after oxygen cycling such peak is not anymore observed by cooling from
1173 K to 873 K or down to RT (Figure 2.12(b)). The other peaks in the spectra can
be assigned to Rh (222 eV, 254 eV, 302 eV) [86], Ar (205 eV) and Mo (161 eV, 186 eV).
Thereby, Mo, i.e. the pressfoil, which surrounds the Rh(111) crystal, is weakly detected,
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Figure 2.12: Auger spectra of the carbon depletion of Rh(111). (a) Crystal before oxygen
cycling; Red: 1133 K; Blue: 863 K; Green: 300 K; (b) Crystal after oxygen cycling; Red:
1173 K; Blue: 873 K; Green: 300 K.

due to a rather low focusing of the electron beam.

2.3.2 Thin film formation

Four di�erent combinations of supported thin films were produced. Graphene can be
grown by dosage of simple hydrocarbons. The same should be possible for the isoelec-
tronic structure, hexagonal boron nitride. The standard procedure consists in dosing
borazine, being the BN-analogue to benzene.

1. The graphene monolayer on Rh(111) was prepared by exposing the sample to 81 L
(6 · 10≠7 mbar for 3 min) ethene at about 1123 K. Followed by intensive cooling
with ~400 K/min. This procedure leads to a well-ordered Moiré structure [91, 92],
whereas graphene is not forming at cooling rates below ~200 K/min (Figure 2.13).

2. The graphene monolayer on Ru(0001) was prepared by exposing the crystal to 27 L
(2 · 10≠7 mbar for 3 min) ethene at 1223 K. This procedure leads to well-ordered
Moiré structures and closed films [64, 93, 94]. The higher temperature than on
Rh(111) to achieve the best film quality seems to be induced by the higher melting
point of Ru(0001), which requires higher temperatures to get some surface mobility.
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Here, the cooling is less critical, because the temperature regime for the carbon
solution and segregation is at higher temperatures than on Rh(111) [90].

3. The hexagonal Boron Nitride (h-BN) film on Rh(111), being isoelectronic to gra-
phene, was prepared by exposing the crystal to 81 L (6 · 10≠7 mbar for 3 min)
borazine, the BN-analogue to benzene, at about 1093 K, ending in extended closed
films [95–97]. Thereby, the borazine was always cleaned by at least two pump-thaw
cycles before every dosage. A pump-thaw cycle consists of these parts. First, the
borazine is frozen in liquid nitrogen, then the vessel is pumped by a turbo pump
via opening the vessel and the leak valve to the gas line. Finally, the vessel valve
is closed and the cooling of the borazine is removed until it is molten.
The borazine quality needs to be high to result in high-quality films
(Figure 2.14(a)), otherwise less-ordered or amorphous films form (Figure 2.14(b,c)).
This ends after cluster deposition in clusters of undefined size (Figure 2.14(c)).
Studies by Auger spectroscopy showed that carbon depletion of the crystal [90]
(Figure 2.12) is not necessary to obtain high-quality films of graphene or h-BN.

4. The h-BN structure on Ru(0001) was prepared by exposing the crystal to 81 L
(6 · 10≠7 mbar for 3 min) borazine at 1113 K, ending in extended closed films [98].
The borazine was always cleaned by pump-thaw cycles before dosing and high
quality borazine is required to acquire high quality films.

As shown above, high quality borazine is required to form h-BN films of high quality.
However, Borazine is not stable over long time scales at RT and not stable against
water and ultraviolet light. The water is excluded by the transfer of the borazine at
a Ar flushed Schlenk line, the exposure to ultraviolet light is blocked by wrapping of
the borazine vessel into aluminum foil. Therefore, the borazine quality is preserved by
maintaining temperatures below 278 K by a cooling device.
Figure 2.15(a) and (b) represent the borazine setup, which consists of a vessel and the
cooling device. The borazine vessel (2) is a glass Schlenk tube, which is mounted with a
glass-metal connector (1) to the UHV setup. The glass tube is covered with aluminum
foil to shield the borazine against sun light, which would trigger decomposition. The
cooling is build-up by an aluminum block, which directly surrounds the glass vessel
(yellow part in Figure 2.15(b)) and which is itself surrounded by polyurethane foam (3)
to improve thermal isolation to the laboratory ambient. The cooling is done by a power
driven peltier element (4) (red part in Figure 2.15(b)). The generated heat is removed
by a ventilator (6) assisted chiller (5) (blue part in Figure 2.15(b)).
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2.3. Sample preparation

a) c)b)

Figure 2.13: Influence of the cooling rate on the graphene formation on Rh(111). (a) Slowly
cooled sample (~150 K/min) with rare graphene flakes of poor quality, the black arrow indicates
the location of the inset; (b) Slowly cooled sample at step-edge rich crystal rim with high-quality
graphene patches, the black arrow indicates the boundary of the graphene film; (c) Fast cooled
sample with high quality graphene for Pd

19

cluster deposition, the white arrow indicates the
location of the inset; Image sizes, (a) 430 · 430 nm2, inset 50 · 50 nm2; (b) 200 · 200 nm2; (c)
100 · 100 nm2, inset 10 · 10 nm2; Imaging conditions, (a) 1.0 V, 0.1 nA; (b) 0.8 V, 0.1 nA; (c)
0.5 V, 1 pA.

c)b)a)

Figure 2.14: Influence of the borazine purity on the h-BN film formation. (a) Clean borazine
used for h-BN film synthesis on Rh(111); (b) and (c) two regions of Pd

19

/h-BN/Rh(111),
partially decomposed borazine used for synthesis. Image sizes, (a) 30 · 30 nm2; (b) 50 · 50 nm2;
(c) 100 · 100 nm2; Imaging conditions, (a) -0.4 V, 1 pA; (b) 0.9 V, 1 pA; (c) 0.9 V, 1 pA.
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b)a)

1

4
3
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6

Figure 2.15: Borazine vessel and cooling device. (a) Image of the borazine setup; (b) Technical
drawing of the borazine cooling device by Michael Eckinger (Technische Universität München,
85748 Garching, Germany).

A graphene film can be grown on Ru(0001) directly after the crystal was covered
with a h-BN film by applying just the standard cleaning and film growth procedures
(Figure 2.16). The same behavior is observed on the Rh(111) crystal and do also work
for the reversed cases, i.e. the change from graphene to h-BN film formation. The
impurities due to the remaining carbon, respectively boron and nitrogen, in the crystal
seem to be depressed quickly. For the first film synthesis the defect density might be
higher, but from the second synthesis on, the films appear like always. Mixed films are
never observed.

2.3.3 Choice of cluster sizes

The observation of clusters by STM is the main challenge of this work. Therefore, the
clusters have to be reasonably stable during the time spans of STM acquisition. Small
clusters, e.g. Pd

10

/g/Ru(0001), become more and more mobile and can be therefore
not imaged clearly anymore (Figure 2.17(a)). Furthermore, these clusters become often
picked up by the STM tip and formed already dimers at the beginning, coinciding with
the loss of the size-selection. For this reason, larger clusters, but still in the non-scalable
size range, e.g. Pd

19

/g/Rh(111), are used to enable STM measurements on purely
monodisperse systems (Figure 2.17(b,c)) and to observe processes on the atomic scale
in a systematic way.
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b)a)

Figure 2.16: Growth of both films on one and the same crystal. (a) h-BN/Ru(0001); (b)
Pd

12

/g/Ru(0001) directly formed after (a); Image sizes, (a) 100 · 100 nm2; (b) 100 · 100 nm2;
Imaging conditions, (a) -1.0 V, 0.1 nA; (b) -0.6 V, 1 pA;

a) c)b)

Figure 2.17: Choice of the preferred cluster size. (a) Pd
10

/graphene (g)/Ru(0001); (b) and
(c) Pd

19

/g/Rh(111); Image sizes, (a) 120 · 120 nm2; (b,c) 120 · 120 nm2, insets 20 · 20 nm2;
Imaging conditions, (a) 1.0 V, 5 pA; (b,c) 0.5 V, 1 pA.
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2.4. STM measurements

Furthermore, it is important for the data analysis that the exact location of the clusters
with respect to the film can be determined well. Therefore, the color scale is adjusted
to enhance the contrast in the height range of the film corrugation (Figure 2.17(c)),
whereas the film corrugation is rather hard to observe by applying a standard height
scale (Figure 2.17(b)).

2.4 STM measurements
The basic idea of STM is to bring an atomically sharp tip near to a surface of an elec-
trically conducting sample, while a voltage lower than the work function of the surface
is applied between the tip and the sample. Thereby, a tunneling current starts to flow
through the gap between the tip and the sample [99, 100], when the tip-surface distance
is ~0.5 nm, i.e. in the order of 2-3 atom diameters. By monitoring the tunneling current
as a function of tip location on the surface, more precisely by raster scanning the tip
across the surface, an electronic image of the surface can be acquired with a spatial
resolution down to the atomic level.
A further advantage is the overcoming of the di�raction limit, which couples for op-
tical microscopes the resolution and the used energy of the light, i.e. the better the
resolution the higher the energy impact onto the surface. This ends up in destructive
interactions with the sample. In contrast to this Scanning Probe Microscopy (SPM) uses
the exponential decay according the distance between sample and probe of the tunneling
probability of electrons in case of STM [99, 100] or of the attractive or repulsive atomic
forces for the AFM [101]. The theoretical basis for the STM was explained for the most
by Bardeen, Terso� and Hamann [102–104]. The experimental development was done
by Young [105] and especially by Binnig and Rohrer [99, 100]. This technique enabled
to resolve atomic lattices [99] or the electronic structure of catalysts [106] as well as the
manipulation of the lateral position single atoms [107] and of the charge state of single
atoms [108].
More recently, after atomic resolution was achieved by AFM [109], STM and AFM mea-
surements have been combined [110, 111], the electronic structures and the atomic forces
could be resolved at one time. This enables to identify the charge states [111], atomic
bonds and their strengths [110] down to the hybridization state [112].
The tunneling current arises from a range of states lying within the applied bias U

T

,
respectively by taking the electron charge e into account, within the energy range of eU

T
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2.4. STM measurements

around the Fermi level [113, 114] (Figure 2.18).

I =
⁄

eU

T

0

fl
S

(r, E)fl
T

(r, E ≠ eU
T

)T (E, eU
T

, r)dE (2.1)

The single parts of Equation 2.1 are fl
S

(r, E), the density of states of the sample at the
position r and an energy E with respect to its Fermi level. The density of states at the
tip is fl

T

(r, E ≠ eU
T

), including the applied bias potential. This yields in the following
equation for the tunneling transmission probability T (E, eU

T

) of electrons with energy
E and applied voltage U

T

.

T (E, eU
T

) = e
≠ 2�Z

Ô
2m

~ ·
Ò

�
S

+�
T

2 +

eU

T

2 ≠E (2.2)

�Z is the tip-sample distance and �
S

and �
T

are the work functions of the sample and
the tip. ~ is the reduced Planck constant. For a real tip-sample junction, E

B

(Z) repre-
sents the apparent potential barrier, which is lower than the ideal potential barrier, due
to image charge e�ects (Figure 2.18(a)). In the same way also the apparent �Z in slightly
decreased. In the constant-current tunneling mode, the contour followed by the tip is a
function of the density of states of the sample and the tunneling transmission probabil-
ity. Equation 2.2 shows that the transmission probability decreases exponentially with
the tip-sample distance, but increases exponentially with the electron energy. Here, the
highest transmission is present for the electrons at the Fermi level of the negatively bi-
ased sample electrode tunneling into the positively biased tip electrode (Figure 2.18(a),
red arrows) or from the negatively biased tip electrode to the positively biased sample
electrode in case of reversed bias polarity.
These fundamental properties allow the observation of surfaces on the atomic scale by
STM. The spatial resolution is obtained via line-by-line and pixel-by-pixel scanning in a
controlled way by use of piezo electronics (Figure 2.19). STM can be applied in various
ambients, in UHV, in high vacuum [99, 100], in air [115], in liquids [116, 117] or under
high pressures [16, 17].
The situation at the tip-sample junction is represented by a rather blunt tip, which
would end in a rather large tip convolution at step edges or other protrusions, e.g. clus-
ters. Nevertheless, the tunneling current is always focused at the area with the closest
tip-sample distance (Figure 2.18(b)). This situation is embedded in a controlled system
(Figure 2.18(c)), consisting of a constant potential and, most important, a piezo scanner,
which enables, via a feedback, to move the tip with control of all three room directions
down to the picometer range over the surface.
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Figure 2.18: STM principle. (a) Sketch of the tunneling contact in the STM, the red arrows
represent the tunneling current, the curved, solid areas below the Fermi level represent the
filled electronic states, the dashed marked areas above the Fermi levels represent the empty
states; (b) Tip-sample junction (the red arrow indicates the flow direction and the location of
the tunneling current in this case of a negatively biased tip). (c) Sketch of the piezo scanner
(the red cubus, the black inlays in the red cubus represent the piezo elements) and the sample.

Figure 2.19 shows the STM used in this setup. Here, Figure 2.19(a) presents an overview
of the STM, whereas Figure 2.19(b) and (c) present enlargements of the tip-sample area.
Thereby, the STM tip, being an etched W wire, is moved by a piezo stack (not shown
directly in the figure, oriented below the piezo tube), which allows to move the tip by
several millimeters in all three room directions. The sample is located up-side-down, can
be heated via power connectors to the graphite covered pyrolytic boron nitride heater
and the sample temperature can be monitored continuously and in high precision by
type K thermocouples. In case of measurements below RT, a cooling block can be ad-
justed on the back of the sample holder to enable metal-mediated cooling by liquid gases.
Furthermore, an eddy-current based stabilization reduces vibration to reduce the noise
level of the measurements. For this goal, also the whole setup is designed to reduce
coupling to sources of electronic noise, e.g. by shielding metal plates. To enable quick
exchanges of the samples, a UHV compatible wobble-stick as well as a garage with nine
slots for sample or tip holders are mounted.

2.4.1 STM measurements - critical parameters

The VT-STM enables measurements down to 25 K and up to 1,250 K. In this study
measurements in the temperature range of 120 K to 881 K are shown. The STM o�ers
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a)

b) c)

Eddy-current stabilization

Cooling block

Wobble-stick

Sample holder garages

Sample holder

Piezo tube

STM tip

Power connectors

STM tip

Thermocouples

Figure 2.19: STM setup. (a) Overview of the STM; (b,c) Enlargements of the sample stage.
Red labels and arrows indicate the certain parts.
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Figure 2.20: Temperature range and time resolution of the VT-STM.

vertical resolution down to 0.01 nm and lateral resolution down to 0.1 nm. The indicated
bias is always the applied voltage at the tip, respectively the potential to the sample,
which is always on ground potential.
The adjustment of the reaction temperature is for many reactions very important, due
to, e.g. entropy-driven, critical temperatures below or above them di�erent reaction
processes occur. The surface concentrations and concentration changes can be tuned via
the applied reactant pressures. But, many intermediates of surface reactions are hard
to monitor. Therefore, an increase of the temporal resolution is required, while keeping
high spatial resolution.

Time scale range of VT-STM and FASTSTM

The energies indicated in Figure 2.20 represent various activation energies. The reac-
tion rate constants k on the left axis are plotted against the temperature. Thereby, the
pre-factor A

0

is assumed to be 1012 and the reaction is assumed to be of first order. On
the right the decay time of the reactants, i.e. the inverse of the reaction rate constant,
is plotted. These time intervals correspond to the time resolution of the STM, which is
required to monitor the conversion of the according reactants.
The red rectangle represents the reaction velocities, which are accessible via classical
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2.4. STM measurements

STM, whereas the blue rectangle represents the regime, which is accessible by Fast Ac-
quisition of SPM Timeseries Scanning Tunneling Microscopy (FASTSTM). These cor-
respond to the image frequencies, which are accessible. These are, imaging frequencies
up to ~0.1 images/s by classical STM and up to ~100 images/s by FASTSTM. Species,
which are stable in these time spans, i.e between the single images, can be imaged clearly.
The pale shaded rectangles represent the time domains, which are accessible with the
according techniques. In these time spans the species are mobile between single images.
Therefore, they are measured in fuzzy appearance or in extreme cases only as streaks
within a single line of the STM scan. For such streaks is the lateral information lost,
whereas the height information is still reliable.
Pushing the time resolution has two major advantages. First, the identification of short
living species gets accessible. Second, the drift of the sample becomes a less important
issue, because the data is acquired faster, respectively the time span between two suc-
ceeding images becomes much shorter. Due to the requirement for high currents during
imaging, the FASTSTM prefers flat systems, e.g. the formation of graphene.
To conclude, FASTSTM enables a step to more realistic conditions, in first order ac-
cording the temperature and to some extent according the pressure.
The height calibration of the STM was done by comparing the measured heights of step
edges of Rh(111) and g/Rh(111) with the values known from literature. The di�erence
is about 7% (the imaged height is ~225 pm, whereas the real height, calculated from the
Rh(111) lattice parameters, is ~210 pm). The lateral calibration was done by compar-
ison to the known value of the g/Rh(111) superstructure and matches well. The noise
level of the STM was checked by internal Fast Fourier Transform (FFT) analysis and
occasionally by an external oscilloscope (LeCroy WaveJet 354A).

Choice of STM parameters

The scanning parameters have to be adjusted to the measured system. Thereby, the
clusters are special. They show heights, i.e. corrugations, in the range of nanometers,
being ~100 times higher than for blank metal surfaces and ~10 times higher than for
corrugated superstructures. Therefore, all STM images of the supported Pd

n

clusters
have been taken with low scan velocities in the order of less than 100 nm/s, on the
graphene and h-BN substrates low bias magnitudes between -1.0 V and 1.0 V and low
tunneling currents of 1-100 pA were applied, in order to minimize the interaction with
the tip. On TiO

2

biases in the range of 1.2 V to 1.4 V or of -1.0 V to -2.0 V were applied
to adjust to the band gap and the tunneling currents were in the order of 10-100 pA.
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2.4. STM measurements

Low scan velocities require extreme imaging stability during several hours, in order to
investigate large areas with statistical relevance.
In contrast to the three-dimensional (3D) clusters, for atomically flat systems, like Pd

n

on Rh(111) or the decomposition of ethene to graphene, the corrugations are much
smaller and the cluster-support interaction is stronger. This allowed to apply harsher
scanning conditions, being up to 2 nA tunneling current and up to 2000 nm/s scanning
speed, while the biases remained in the range between -1.0 V and 1.0 V. For all presented
images is the slow scanning direction from bottom to top, respectively vice versa and
the fast scan velocity from left to right or vice versa.

in situ STM - at elevated temperatures and reaction ambients

For the revealing of the whole reaction pathway from ethene to graphene a wide temper-
ature range has to be overcome, because the pathway includes several processes, which
show up at various critical temperatures. Therefore, STM acquisition on the reaction
pathway of hydrocarbons to graphene was performed between 120 K and 881 K using the
constant-current mode. For the STM measurements at elevated, but constant tempera-
ture, the heating power was kept constant, while no or only minute drift correction was
applied. For the STM measurements at constantly increasing temperature, a stepwise
increasing heating current was chosen, by minute steps of 0.1 mA (about 0.6 mW) at
fixed time steps of 5, 10 or 20 s by a remotely controlled power supply (Hameg HMP2030
Programmable Power Supply), leading to temperature increases of about 0.05 K per
step. The induced drift was corrected via manual shifts or an automatic lateral feedback.
This permits to stay over hours and for temperature changes up to ~45 K over the same
surface area without need for coarse tip adjustments.

2.4.2 Evaluation of STM images

The STM data can be analyzed according to the height and according to the lateral
extension. Tip convolution e�ects lead to apparent lateral dimensions much larger than
the real ones, whereas the cluster height determination (topographic maxima) is accu-
rate, with an overall precision down to 10 pm, being for the most depending on the
accuracy of the background height determination. Therefore, the indicated histograms
are functions of the cluster height. The histograms are gained from large scale images
with at least 10,000 nm2), where initially several hundreds of clusters are present, while
su�ciently dilute cluster concentrations are maintained (1 · 1012 - 1 · 1013 cm≠2). The
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cluster images on all surfaces have been corrected by subtracting a plane and by aligning
the median values of the lowest 50% of adjacent horizontal rows. In case of steps within
the image, this analysis was done on the most suitable terrace. Afterwards, the parti-
cles are detected automatically on the whole image by a threshold to the surrounding.
Finally, the cluster height is determined in all systems by the height di�erence of the
cluster maxima to the mean height of the support around each cluster.

2.5 Data processing, plotting and writing
The acquired STM, TPD and AES data was processed by IGOR Pro (Version 6.34)
based evaluation softwares created by Friedrich Esch (IOM-TASC, Trieste, Italy and
Technische Universität München, Germany), additional calculations were also done by
using IGOR Pro. The data plotting was done by the Adobe CS5 suite in the 64-bit ver-
sion, using Adobe Illustrator 15.0.0 and Adobe Photoshop 12.0. The thesis was written
by using MikTex 2.7 and the typesetting was done by using Texmaker. Illustrations of
large surface slabs were built and rendered with POV-Ray v3.6. Illustrations of clusters
were formed by slab formation with ASE 3.9.0 and refining and rendering was done with
VESTA 3.2.1. The computer’s operating system was Windows 7 Professional in the
64-bit version.
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3 Pathway from simple hydrocarbons to
graphene or coke

3.1 Motivation, state of the art and prospect on the
work

The motivation to do research on the graphene formation is twofold. First, it allows
to unravel the surface organochemistry of the surface-catalyzed reaction pathway from
ethene to graphene, including the analysis of the occurring mechanisms and interme-
diates. This can be a handle to identify appropriate parameters to form high-quality
graphene of macroscopic lateral dimensions, which is highly valued for its unique phys-
ical and chemical properties [66, 118–121] and can be used among other applications as
perfectly homogeneous support for size-selected clusters, as well as of other interesting
compounds, which occur as intermediates.
Second, these studies allow insights on the undesirable formation of solid carbonaceous,
carbidic, or graphitic material known as coke [122, 123], which is used, e.g. for the
making of steel, since ancient times. In the 20th century it has been found that coking
processes, involving catalytic dehydrogenation, polymerization, and cyclization of hy-
drocarbons, are crucial for the e�ective operation of heterogeneous catalytic reactors,
necessitating regeneration or exchange of fouled catalytic material [122, 123].
Thereby, the specific focus is for several reasons on ethene (C

2

H
4

) on Rh(111).

1. Ethene is one of the simplest hydrocarbons with high adsorption a�nity, as well as
one of the most used feedstocks in the Chemical Vapor Deposition (CVD) growth
of graphene.

2. Ethene/Rh(111) is an excellent starting point for the investigations, since it is one
of the best investigated adsorption systems in surface science, fully characterized
by plenty of techniques, especially by pioneering work of the Somorjai group [124–
126] (Figure 3.1(a)).
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3.1. Motivation, state of the art and prospect on the work

3. Rh is an excellent dehydrogenation catalyst. Hence, it requires particular attention
to prevent, respectively to steer coking.

The last point holds also for other group 8, 9 and 10 (iron, cobalt, nickel family) transi-
tion metals, also named group VIIIb metals, such as Ru that are active at low tempera-
tures and that show a rich surface organochemistry that involves C-H species. However,
Rh is a particularly ideal system, since the decomposition of ethene can be driven in
such a way as to avoid carbon migration into bulk up to highly elevated temperatures
and especially desorption to the gas phase – thus the observations concern just the sur-
face processes. Figure 3.1 gives an overview on the significant insights, which have been
acquired on the of hydrocarbons on Rh(111) via TPD, XPS, HREELS and STM.
Figure 3.1a represents TPD data acquired by Dubois et al. [124]. Thereby, up to ~470 K,
3/4 of the hydrogen leaves the system in a prominent peak, afterwards a flat plateau is
observed, which shows slow hydrogen loss over ~300 K and appears similar in the case of
adsorbed ethyne. In case of the c(4x2) structure, the first shoulder corresponds to ~1/4
of the hydrogen, due to annealing to 300 K, which results in the removal of the surface
hydrogen on Rh(111). Therefore, only the hydrogen of the ethylidyne remains. Further
on, this induces a single peak at ~420 K, whereas a start of the TPD with the (2x2)
structure, i.e. the low-temperature phase, ends in peaks at 390 K and at 420 K, due to
the partial transition to the c(4x2) structure, while performing the TPD temperature
ramp. Further studies showed that the shape of the hydrogen signal depends, beside of
the ethylidyne superstructure, also on the amount of ethene dosage [128][129]. In detail,
the desorption temperature of hydrogen from Rh(111) [130] increases for low hydrogen
coverages by ~100 K. In contrast to hydrogen, the carbon of the adsorbed monolayer of
ethene does not desorb from the surface [124] and di�usion to the bulk does not become
prominent below ~850 K (see Auger data in Experimental section).
The TPDs of various other hydrocarbons on Rh(111), namely propylene (propene),
propadiene, methylacetylene (propyne) [127], appear above 470 K similar as the one of
ethene and ethyne [124]. This indicates a universal behavior for several hydrocarbons.
But, whereas this is also observed for benzene [131], naphthalene [131], i.e. a larger
benzenoid precursor, requires temperatures of ~550 K to show the first hydrogen loss,
while the required temperature for the complete loss remains at ~750 K [131]. This
seems to be induced by the increasing aromatic stabilization, which induces higher ac-
tivation energies. Indeed, Low Energy Electron Di�raction (LEED) shows that benzene
breaks down to C

2

species, i.e. aliphatic structures at ~400 K, and behaves from there
on similar like aliphatic hydrocarbons, whereas naphthalene remains stable up to higher
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a) b)

c)

d)

c‘)

b‘)

Figure 3.1: Existing data about hydrocarbon decomposition. (a) TPD; Reprinted with per-
mission from L. H. Dubois, D. G. Castner, G. A. Somorjai, Journal of Chemical Physics 1980,
72(9), 5234-5240. Copyright c•1980, AIP Publishing LLC. (b) C1s X-ray Photoelectron Spec-
troscopy (XPS) data; (b’) Reaction pathway hypothesis based on (b); Reprinted from Surface
Science, 230, R. J. Levis, L. A. DeLouise, E. J. White, and N. Winograd, Defect induced Surface
Chemistry: A Comparison of the Adsorption and thermal Decomposition of C

2

H
4

on Rh(lll)
and Rh(331), 35-46, Copyright c•1990, with permission from Elsevier. (c) HREELS data of
C

2

H
4

/Rh(111) at various temperatures; Reprinted from Advances in Colloid and Interface
Science, 29, B. E. Bent, G. A. Somorjai, Bonding and Chemistry of Hydrocarbon Monolayers
on Metal Surfaces, 223-275, Copyright c•1989, with permission from Elsevier. (c’) Reaction
pathway hypothesis based on (a), (c) and other data [127]; Reprinted with permission from B.
E. Bent, C. M. Mate, J. E. Crowell, B. E. Koel, and G. A. Somorjai, The Journal of Physical
Chemistry B, 1987, 91, 1493-1502. Copyright c•1987 American Chemical Society. (d) STM
image of 7C

6

/Rh(111); Reprinted with permission from B. Wang, X. Ma, M. Ca�o, R. Schaub,
and W.-X. Li, Nano Letters, 2011, 11, 424-430. Copyright c•2011 American Chemical Society.
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temperatures. Less dense surfaces, e.g. Pd(110) [132] or Rh(100) [133] show in case of
ethene a shift of the TPD signals to about 100 K lower temperatures, while the shape
remains fairly constant. This points to a higher reactivity of such surfaces, while the
principal mechanisms remain the same.
Figure 3.1(c) shows HREELS data by Bent et al. [125] at various temperatures. These
data and similar HREELS data on various other hydrocarbons [124, 127, 134] coincides
with the observations by TPD. Therefore, a mechanistic pathway is predicted (Fig-
ure 3.1(c’)). The species up to ethylidyne are clearly identified and at 450 K are C

2

H
and CH species predicted. Further on, the rather broad peaks at 450 K indicate an in-
comensurability with the underlying surface, which yields in various di�erent adsorption
geometries. Beyond this temperature range is a polymer structure and finally graphite
hypothesized. Furthermore, the pathway is assumed to be universal for several hydro-
carbons, i.e. holds also for di�erent hydrocarbons, e.g. propene [127] or benzene [134]
and on other group VIIIb transition metals, e.g. on Ru(0001) [135].
Figure 3.1(b) represents C1s XPS data by Levis et al. [136] of the ethene decomposition
on Rh(111) and Rh(331). Thereby, low peak broadnesses, as present at 400 K and above
750 K indicate homogeneous structures on the surface, e.g. a pure (2x2) superstructure
of ethylidyne at 400 K, whereas broader peaks indicate a mixture of various compounds,
similar to the peak broadening of the HREELS data in Figure 3.1(c).
Early investigations focused onto catalyzed C—H bond activation reactions of small
alkane and alkene molecules on metal surfaces [124–126, 137]. More recent studies, in
particular on ethene deposited on transition metal surfaces, have utilized modern surface
science techniques. Low Energy Electron Microscopy (LEEM) [138, 139], and combined
STM and DFT studies [140], extended insights into the graphene formation domain,
and resulted in valuable insights into the growth kinetics, suggesting that poly-atomic
carbon clusters of 5 [138, 139] or 24 [140] atoms, which occur at ~700 K (Figure 3.1(d)
by Wang et al. [140]), rather than monomers lead to ripening and graphene growth.
in situ STM measurements at 975 K [141] showed the growth of graphene islands un-
der ethene ambients. Furthermore, a phenomenological kinetic Monte Carlo simulation
of the growth process [142] supports the presence of carbon-clusters in the course of
graphene growth.
Furthermore, Pd particles [143] and Pd(111) surfaces [144], as well as homogeneous
complexes of several transition metals, including Rh [145], are known to catalyze cy-
clotrimerization reactions, e.g. the transformation from ethyne to benzene. C

6

and C
4

species are found to coexist [144, 146]. Thereby, C
4

is a metallocycle formed in 2+2
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addition of ethylidyne, known as a reactive intermediate in organometallic catalysis, e.g.
cyclotrimerization of ethyne [147]. On Pd(111) saturated benzene is known to be un-
reactive towards the formation of further surface-bound intermediates [148]. Here, this
question comes to one’s mind: Do, corresponding to the cyclotrimerization, intermedi-
ates exist, which enable a surface Diels-Alder reaction [149] and can such intermediates
on Rh(111) form also species beyond benzene in size?
Despite of the numerous investigations and insights, the decomposition intermediates
forming beyond ethylidyne could be not resolved via spectroscopic techniques, yet. In
general, incommensurate intermediates and hence a plethora of adsorption configurations
make spectroscopy di�cult (see HREELS data on small hydrocarbons by the Somorjai
group [124, 125, 127, 131, 134]). Microscopy on the contrary is a perfect tool to observe
elongation of polycycles on the surface. Since the resulting product is an extended two-
dimensional (2D) film, STM is the perfect method to follow the growth process in situ,
due to the flatness of the system also with potential elevated time resolution. Therefore,
this study uses STM to resolve the structure and the morphology of the intermediates.
However, there is to the best of our knowledge no research by in situ STM, i.e. acquiring
data, while being at elevated temperatures between 400 and 700 K and under reaction
ambients. This is the focus of this chapter.
The growth of graphene, respectively the decomposition of hydrocarbons, are done in
two di�erent ways.

1. Ethene and other small hydrocarbons are dosed on Rh(111) or Ru(0001) samples
at RT, before the samples are heated up step-wise, the so-called Temperature
Programmed Growth.

2. The reactants, i.e. the hydrocarbons are dosed at certain elevated temperatures
onto the samples. This kind of growth mode is called Chemical Vapor Deposition.

These two approaches via VT-STM are the starting points of the evaluations. Thereby,
the CVD approach has the advantage that the processes can be directly observed on the
catalytically active surface, without additional heating or cooling before the measure-
ment, which can be a source for errors. Besides this, LT-STM, HREELS and DFT data,
which have been acquired by collaborators, will be used for clarification and to comple-
ment the data. Thereby, our STM measurements at various temperatures showed that
many activated processes are going on sequentially with increasing temperatures, coin-
ciding with reproduced TPD data (Figure 3.2, [124] and [128]) and yielding in several
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Figure 3.2: Overview of the dehydrogenation pathway from ethene to graphene. Upper left:
TPD of H

2

(m/z = 2) from a Rh(111) surface saturated with ethene at 330 K. The letters of
the images (a-e) correspond to the letters in Figure 3.3; Image sizes, (a-e) 30 · 30 nm2; Imaging
conditions, (a) -1.0 V, 100 pA; (b) 0.5 V, 50 pA; (c) 1.0 V, 100 pA; (d) -0.1 V, 100 pA; (e)
0.5 V, 1 pA.

well-defined intermediates (summarized in Figure 3.2). Thereby, especially chain-like
structures and their gradual transformation to round clusters of the same size, assumed
to be 7C

6

, grasp one’s interest and seem to be the predicted polymers.
This enables to formulate a scheme of the reaction pathway (Figure 3.3) that shows the
key reaction intermediates of the ethene to graphene transformation that are listed in
the following, linear, kinked and curled-up Polycyclic Aromatic Hydrocarbon (PAH)s
and 7C

6

clusters. This pathway will be discussed with VT-STM, LT-STM, HREELS
and DFT data. In the course of this, certain temperature windows have to be addressed,
to activate the various processes gradually. This allows for example to form PAHs in
a controlled, selective way on the surface. As a starting point for the detailed study is
the temperature range ~450 K chosen, being the range, where the transformation from
ethylidyne to the follow-up species [125] takes place.
One general question arises: Why is the 7C

6

forming as quasi universal intermediate? To
shed light on this question, profound knowledge about the link between the structures of
hydrocarbons and their free energy, setting the thermodynamic driving force, is required
and is explained here.
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Figure 3.3: Schematic pathway of the evolution of adsorbed ethene (top left) to graphene
(bottom right). According the notification see Figure 3.4.
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3.2 Stability of polycyclic hydrocarbons - Clar’s rule
From a thermodynamic point of view, one-dimensional (1D)-PAHs tend to be kinked
in order to maximize the resonance stabilization [150, 151]. This empirical concept is
called Clar’s rule and is described in the following.
Clar’s rule is an important extension of the well known Hückel 4n+2 electrons rule [152–
154], which describes the aromaticity of a ring system, to polycyclic systems. It predicts
that benzenoid structures with more disjoint aromatic ring systems are more stable than
their isomers with less isolated ring-systems [150, 155, 156]. This distinction is impor-
tant, because polycycles can never be fully aromatic [150]. The amount of fi sextets,
so-called Clar sextets, in structures can be determined graphically [155]. The number
of fi sextets corresponds to the amount of straight segments within the PAH [157], i.e.
every kink generates an additional fi sextet structure. MaksiÊ and co-workers [156] cal-
culated various located and delocalized structures and proved that the Clar structure
is the most favored. Furthermore, they showed that the fi electron density is not that
strict separated like mentioned by Clar in his empirical rule [150]. Nevertheless, the
fi electron density is higher in fi sextet rings and lower in the others. Also large PAH
systems, formed via synthesis, show a high preference for fully benzenoid Clar systems
[158, 159]. Calculations showed also the bond-order variations for several compounds
and their isomers [160–163].
Figure 3.4(a-c) represents Kekulé structures of linear pentacene as example for PAHs

in general. The structure in Figure 3.4(c) appears energetically unfavorable, due to the
1,4-interaction in the middle and the loss of one double bond compared to the struc-
tures in Figure 3.4(a,b). This holds for such a short PAH, but calculations [164] and
experiments [165] give evidence that from six or seven ring long systems on, this agostic
structure becomes favorable. The reason for this is the corresponding Clar structure
that shows in Figure 3.4(g) a second isolated fi sextet. Therefore, kinked PAHs (Fig-
ure 3.4(d,h)) are more stable than the linear ones by gaining additional fi sextets, while
keeping one additional double-bond, which is energetically more favorable than an agos-
tic 1,4-interaction. In general, the more disjoint aromatic fi sextets an isomer has, the
higher its thermodynamic stability, and the larger its gap between the highest occupied
and the lowest unoccupied molecular orbital, increasing its kinetic stability. This sta-
bilization amounts, e.g. for the case of the isomeric structures linear anthracene and
kinked phenanthrene, to ~0.3 eV additional stabilization for phenanthrene. Thereby,
the calculated values can di�er strongly [166], e.g. 0.333 eV [167] and 0.278 eV [168] are
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Figure 3.4: Representation of Kekulè, Clar and own notification.

reported.
In the Clar notification, all fi sextets are represented by circles. Here, fi bonds are rep-
resented as in the Kekulé notification and an additional small circle represents fi sextets
(Figure 3.4(i-l)). Thereby, an increased number of circles in the schematic indicates a
higher thermodynamic stabilization.

3.3 Decomposition of ethene to graphene
The adsorption of ethene at 455 K and its subsequent partial dehydrogenation yields in
mobile intermediates. These are ethylidyne, and likely C

4

metallocycles, which are coor-
dinated to surface Rh atoms and benzene-like C

6

H
6-x

intermediates. All these species are
represented by the fuzzy species in Figure 3.2(a) at 455 K and are illustrated in the top
row of Figure 3.3. Furthermore, stable species form via subsequent growth, i.e. through
successive C

4

additions via Diels-Alder-like condensation. The kinked linear 1D-PAH
chains consist of for the most 3 nm long segments. This corresponds to up to 12 benzene
rings. Adjacent linear chain segments are joined by a 60¶ kink with respect to each other
(Figure 3.3, right configuration in the middle row and Figure 3.2(a) at 455 K). Com-
plementing LT-STM measurements on the intermediates between ethene and ethylidyne
were employed (Figure 3.7), because the image quality of STM at elevated temperatures
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can hardly approach the one of LT-STM, due to the increased chemical dynamics under
the STM tip whilst scanning.
Figure 3.2(b) illustrates the chain restructuring, with subsequent detachment at the
chain ends and dehydrogenation of coronene-like terminal units (Figure 3.3, left con-
figuration in the middle row). Hereby, one has to take into account, that due to the
extended time span at the same temperature, the hydrogen content is smaller than at
the same temperature in the TPD, which is swept with 2K/s. Furthermore, Figure 3.18
explains the mechanisms, which likely occur and indicates the thermodynamic driving
forces by an increasing amount of fi sextets.
The formation of 7C

6

, respectively of carbon clusters in this size regime, seems to be fa-
vored [140, 169] (Figure 3.3, left of bottom row and Figure 3.2(c) at 633 K). Afterwards,
the clusters coalesce into small graphene islands.
Finally, the di�usional assembly culminates in the growth of larger islands, resulting in
small graphene islands and 7C

6

at 773 K (Figure 3.2(d)), respectively at even higher
temperatures and additional hydrocarbon dosage at 1123 K in an extended graphene
adlayer (Figure 3.2(e)).

3.3.1 1D-PAH formation

Time-resolved STM data in Figure 3.5 show growth of 1D-PAHs. This is taken with
an imaging rate of ~1 image/min over about four hours, while dosing ethene from
2 · 10≠9 mbar up to 1 · 10≠8 mbar at 455 K. This corresponds to ~57 L during the
total STM acquisition time of ~15,000 s. However, the apparent pressure below the
STM tip might be roughly one order of magnitude lower than in the surrounding cham-
ber. This e�ect seems to be strongly dependent on the macroscopic shape of the tip.
The 1D-PAHs grow linearly from their end, green dashed circles mark representative
four growing features. Straight segments never exceed 12 C

6

rings in length after which
a kink is formed. Whereas some chain ends can still reorient, chain segments captured
between kinks remain immobile. Neighboring chains do not interact and chain branching
is not observed. Height analysis of visible background streaks indicates the presence of
140 pm high fast di�using species, assigned to C

4

metallocycles.
At first, the several pixel wide streaks leap to the eye. Since the fast scanning direction
of the STM is horizontal, these streaks indicate the presence of highly mobile species
with short residence times. At the applied scanning speed, a 10 pixel wide feature,
imaged only in one line, corresponds to 7.5 ms residence time (Figure 3.11). These
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a) b) c) d)
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Figure 3.5: Time-resolved STM of ethene decomposition at 455 K – dynamics of 1D-PAH
growth. Image sizes, 30 ·30 nm2; Imaging conditions, -1.0 V, 100 pA; Time steps, (a-b) 15 min,
(b-c) 8 min, (c-d) 2 min, (d-e) 16 min, (e-f) 19 min, (f-g) 21 min, (g-h) 148 min.

highly mobile species correspond to C
2

, C
4

and C
6

species, which can be observed in
LT-STM images. The streaks can be not specifically assigned to ethylidyne or benzene,
but tentatively, the highest fragments correspond to the metal-bound C

4

units, based on
their apparent height of up to 140 pm and a slower overall surface di�usion, leading to
their imaging over several horizontal lines. Once, the 1D-PAH chains fill the surface and
confine the di�usion of the small species, these can be more easily tracked within the
various confined areas. Similarly, one observes on Rh(111) samples, which are saturated
with ethene at 300 K and heated up to 463 K, confined di�usion of the last small species
on the small uncovered surface areas (Figure 3.6). The mobile species frequently attach
loosely to surrounding chains, until they are, at a specific orientation, able to bind to
any end of the present carbon chains.
The 1D-PAH chains, which form from the small fragments, initially di�use, as long
as they are a few C

6

rings long. With further extension, likely by the addition of C
4

intermediates, the chains tend to become less mobile. Finally, the chains immobilize,
especially if kink formation occurs. The chains grow in a straight manner, proceeding
along high symmetry directions of the substrate, and with varying velocity, i.e. in a fast
sequence of prolongation steps that is followed by pauses, especially in the vicinity of
kinks.
This corresponds to the general increase of reactivity for PAHs with increasing amount
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of rings, i.e. an enormous increase of the reaction rate for anullation reactions [170].
Therefore, the formation of the first rings after a kink is slow, whereas it becomes than
faster and faster up to a di�usion limitation via the amount of present building blocks.
This corresponds with the observation that chains with a slight protrusion at the end,
likely one ring after the kink are stable for a long time. Kinked, single-strained PAHs
are less reactive [171][163], corresponding to the described observations.
Kinks form mostly spontaneously upon growth, but can sometimes also be inserted after-
wards into a linear fragment, indicating a thermodynamic preference for kink formation,
after a kinetically preferred linear growth. Short chain ends in the vicinity of a kink
are seen to repeatedly sample the threefold symmetry of the substrate before accom-
modating in their preferred forward growth direction. Summing up, these observations
indicate that the bonding to the substrate at kinks is special. Once formed, the kinks
become laterally immobile. Further growth is to some extent inhibited at a kink site.
Small segments attached to a kink can easily change their orientation as long as there
is nearby free space on the substrate to do so.
The 1D-PAH chain growth occurs close to equilibrium, as reflected by the fact that small
chains can also dissolve, partially or completely - a phenomenon that is suppressed for
longer chains. Also, the initial benzene molecules that form from cyclotrimerization re-
actions can still decompose at a surface temperature of 455 K [131], whereas naphthalene
is stable at these conditions [131].
Branching is not observed over the whole growth process and the C

2

units are not ob-
served to break down to single carbon units. Even when the surface is almost fully
covered by 1D-PAHs and they seem to touch, a small gap can still be observed in the
topography. Sometimes the ends of the chains light up reversibly for some images. This
is attributed to the coordination of polymerization precursors that coordinate in a way
that is not leading to the reaction. Non-benzenoid structures, e.g. alkene chains or sim-
ilar species, are never observed at the ends of the benzenoid chains, indicating that the
1D-PAH growth proceeds within the time resolution of the STM experiment (approxi-
mately 1 min/frame) only via complete incorporation of one C

4

unit at a time, i.e. by
ring formation and not by side-on coupling, leading to the exclusive formation of stable,
closed benzenoid chains.
The chain growth might be based on a Diels-Alder-reaction [149]. It was already shown
that graphene shows activity [172], acting as diene or as dienophile in the reaction.
The bay regions of carbon nanotubes show very low activity in Diels-Alder-reactions
[149], due to the intermediate loss of aromaticity in two rings [173, 174]. This seems
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to be a further reason for the strictly single-strained growth of the PAHs. The cataly-
sis by the Rh(111) surface seems to be crucial to enable the reaction of ethene, in the
nucleation stage or of the PAHs during the ongoing chain growth as dienophiles with
but-2-en-1,4-diylidene, M>C—C=C—C<M or a similar compound as diene. The steric
position of the compounds is much more restricted and less ideal than in solution.
Moreover, Diels-Alder reactions [149] require specific electronic situations to run prop-
erly, normal or inverse electronic demand. In the normal demand reaction, the diene
is electron-rich, which is achieved by a electron donating group and the dienophile is
electron-poor, due to neighboring electron withdrawing groups. In the inverse demand
reaction the electron densities of diene and dienophile behave vice versa. Therefore,
either the ends of the PAHs should be electron-poor and the but-2-en-1,4-diylidene
electron-rich or vice versa. Calculations suggest that the electron densities at the ends
of PAHs are reduced [175]. This would require an electron-rich diene.
The lower electronegativity of Rh(111) than of hydrocarbons and the bond of
but-2-en-1,4-diylidene [146] to Rh(111) should lead to an extended charge transfer and
with this to an increase of the electron density on the but-2-en-1,4-diylidene. This facil-
itates the reaction. The charge transfer to the less strongly bound PAH is expected to
be lower and the electron density should remain focused on the inner rings of the PAHs.
Furthermore, the PAHs are still partially aromatic [176, 177], respectively show some
resonance stabilization [160, 161]. One the one hand, this suppresses the reactivity, but
on the other hand, this should end in energetically lower lying orbitals, improving the
relative reactivity for Diels-Alder reactions.
LT-STM data shows the formation of C

2

species (ethylidyne) after annealing to 300 K
(Figure 3.7(a)) and the transformation into C

4

and C
6

intermediates after annealing to
370 K (Figure 3.7(b)). This points to a surface-assisted 2+2+2 cyclization mechanism
(cyclotrimerization).
After annealing to 470 K, 1D-PAH chains are observed, coinciding with the presented
observations by VT-STM (Figure 3.5 and Figure 3.6). Time-resolved STM data enables
an insight into this dynamic processes (Figure 3.5 and Figure 3.11). Indeed, Rh as well
as other transition metals [144] are known to catalyze the formation of benzene. C

6

species are found to coexist with C
4

ones [144, 146]. C
4

is a metallocycle, which is likely
formed in a 2+2 addition of two ethylidyne molecules, known as a reactive intermediate
in organometallic catalysis, e.g. in the cyclotrimerization of ethyne [147]. The H

2

TPD
(Figure 3.2 indicates a carbon to hydrogen (C:H) ratio near 1:1 at 370 K. However, it
is likely that the C

6

and C
4

intermediates owe slightly less hydrogen, i.e. C
6

H
6-x

and
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C
4

H
4-y

, because saturated benzene is known to be unreactive towards the formation of
further surface-bound intermediates [148].
Although, the 1D-PAH growth is preferentially linear, inspection of the STM images
reveal 60¶ kinks at the ends of for the most 3 nm-long linear segments, i.e. equivalent to
up to 12 benzene rings, oriented along the three main substrate directions [11̄0], [011̄],
and [1̄01]. This upper limit for the straight segment lengths matches the periodicity of
the Moiré coincidence lattice resulting from the adsorption of a 2D graphene monolayer
on Rh(111) [91]. The lattice mismatch between the Rh(111) substrate with a lattice
parameter of 269 pm and graphene with a lattice parameter of 250 pm leads to a super-
structure. This structure is clearly visible on the graphene islands, whereby 12 graphene
rings accommodate on 11 Rh atoms, along the high symmetry directions of the substrate,
giving rise to the 3 nm periodicity of the adsorbed graphene superstructure. The same
tensile stress argument applies to the 1D-PAHs, as it becomes energetically preferable to
introduce a 60¶ kink in order to maintain the chain growth. DFT calculations performed
by the collaborators U. Landman and B. Yoon for the 1D-PAH show that the highest
carbon atoms with respect to the underlying metal surface are found at the edges and in
the middle of the linear segment, reflecting a maximal incommensurability (Figure 3.10).
However, the so acquired height distribution of the carbon atoms along the linear seg-
ments is weakly modulated around 220-240 pm. In contrast to the height distribution in
the Moiré pattern of graphene on Rh(111), which o�ers a wide variation over the range
of 0.2-0.4 nm [91], is the charge transfer from the metal surface to the carbon atoms
and the nature of the electronic hybridization weakly modulated in a manner that is
correlated with the height variations. The bonding is of sp2 character, if the chain is far
above the surface, whereas it gains some sp3 character when the carbon atoms are closer
to the metal surface, reflecting stronger binding with a consequent rehybridization from
sp2 to sp3. The linear growth seems to be kinetically induced. The kinking compensates
for 1D-PAH chains the up-building lattice mismatch, while for 2D graphene this is done
by buckling.
Figure 3.6 represents the Temperature Programmed Growth (TPG) equivalent to the

CVD study in Figure 3.5. Here, the Rh(111) is first saturated with ethylidyne species
by dosage of 27 L ethene at RT. This ends in the high density of 1D-PAHs and in a lot
of mobile fragments, whereas the chains are also stable on longer time scales, due to the
restriction of the di�usion to small fragments during the whole observation time. These
fragments seem to be hindered to attach to the already formed chain ends, due to the
few remaining free areas on the Rh(111) surface. Furthermore, the temperature regime
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a) c)b)

Figure 3.6: 1D-PAH formation by temperature programmed growth to 463 K. Image sizes,
40 · 40nm2; Imaging conditions, 1.0 V, 0.05 nA; Time steps, (a-b) 1 min, (b-c) 19 min.

b) 370 K c) 470 Ka) 300 K

[110]-
[011]-
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Figure 3.7: Transformation of ethylidyne to 1D-PAHs. (a) Ethene/Rh(111) after annealing
to 300 K; (b) Ethene/Rh(111) after annealing to 370 K; (c) Ethene/Rh(111) after annealing to
470 K; LT-STM measurements done by C. Bromley, University College St. Andrews. Image
sizes, 22 · 22 nm2; Imaging conditions, (a) 0.98 V, 0.12 nA; (b) 0.11 V, 0.11 nA; (c) 1.11 V,
0.11 nA.

is very similar to the observation by CVD, i.e. the formed ethylidyne superstructure
has, if any, only a small e�ect on the onset temperature of the chain formation.

The species observed at 455 K (Figure 3.5), assumed to be 1D-PAHs, can be more
clearly identified by LT-STM measurements (Figure 3.8). Figure 3.8(a) shows the car-
bon chains on Rh(111). The inset shows a single chain and due to a specific tip state
is the periodicity of the single benzene units well portrayed. Figure 3.8(b) represents
several in principal possible chain geometries and their carbon density per length (the
hydrogen content is not considered at this point). Exact measurements of the chain
length with respect to the surface area and knowledge about an initial full coverage and
the absence of carbon loss during annealing point to single-strained chains (the middle
geometry) to fulfill the carbon count. Figure 3.8(c) presents line profiles from (a) along

52



3.3. Decomposition of ethene to graphene

L4

L1

L2

L3
0.2

0.1

0

H
e

ig
h

t 
(n

m
)

2.52.01.51.00.50

Distance (nm)

2.5
Å

2.5
Å

L1

L2

L3

C
C C

C C
C

0.2

0.1

0

H
e

ig
h

t 
(n

m
)

-1.0 0 1.0

Distance (nm)

0.5-0.5-1.5 1.5

+0.5 V

-0.5 V

Coronene

Coronene

1D chain

L4

C

C C

C C

C

-(C2)-

-(C4H2)-

-(C6H2)-

2C/2.5Å

4C/2.5Å

6C/2.5Å

C C C C C C C C C C C
C C C C C C C C C C C C

C C C C C C C C C C C C
C C C C C C C C C C C

H H H H H H H H H H H

C C C C C C C C C C C
C C C C C C C C C C C C

H H H H H H H H H H H H

C C C C C C C C C C C
C C C C C C C C C C C C

C C C C C C C C C C C C
C C C C C C C C C C C

H H H H H H H H H H H

H H H H H H H H H H H

C C C C C C C C C C C
C C C C C C C C C C C C

a) b) d)c)

Figure 3.8: LT-STM data for identification of the chain structure. Ethene dosage on Rh(111)
at 78 K, measurement after annealing to 470 K. Measurements done by B. Wang (EaStCHEM
and School of Chemistry, University of St Andrews, St Andrews, KY16 9ST, UK). Image size,
(a) 10 · 12nm2; Imaging conditions, (a) 0.01 nA, -0.5 V.

the chains, supporting the observation of the benzene periodicity in the inset. Finally,
Figure 3.8(d) shows a line profile across a chain and line profiles across coronene, further
proofing that the chains are benzene-like and not broader.
A further identification method is HREELS. This method was already used in pioneering
work on the decomposition of ethene [125, 127, 131, 134]. Therefore, our observations
can be compared directly with these observations and findings. The acquired STM data
enables a complementing discussion of the HREELS data.

Thereby, the non-negligible di�erence of 7-8% between the lattice parameter of the
Rh(111) substrate (0.269 nm) and the periodicity along edge-connected C

6

rings, i.e.
the single benzene-like units (0.25 nm), is su�ciently large to induce a variety of C/Rh
adsorption registries (Figure 3.10). As a consequence, the local coordination environ-
ment varies continuously across the length of a 1D-PAH, rendering the HREELS data
di�cult to interpret with accordingly broad C—H and C—C vibrations, due to its aver-
aging over the many bonding configurations. Hence, although the adopted structure is
microscopically simple, the 1D-PAHs are very challenging to identify spectroscopically,
as long as STM does not support the argumentation. The evaluation of the HREELS
data consists of three parts (Figure 3.9(a-c)).

1. The raw HREELS data, acquired after deposition of ethene on Rh(111), and after
successively annealing the system to higher temperatures (Figure 3.9(a)).

2. The evolution of the various and most relevant C—C and C—H vibrational finger-
prints of the HREELS data set as function of temperature (Figure 3.9(b)). This
allows the identification of two growth regimes involving an aliphatic-to-benzenoid
transition. These two HREELS regimes mirror the two regimes observed in the
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a)

c)

b)

Figure 3.9: Complementary identification of the reaction species by HREELS. (a) HREELS
measurements at various temperatures; (b) Calculated HREELS signals; (c) Intensity changes
of the peaks with temperature. Data acquired by N. V. Richardson and F. Grillo, calculations
done by H. Früchtl and J. A. Garrido Torres (EaStCHEM and School of Chemistry, University
of St Andrews, St Andrews, KY16 9ST, UK).
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TPD data (Figure 3.2).

3. Computation of theoretical HREELS data for the various intermediates (Fig-
ure 3.9(c)), based on their DFT-optimized structures (Figure 3.10 and Figure 3.19).

The comparison between the experimental and computational spectra provides strong
support to the assignment of the graphene growth intermediates, as convergence between
the microscopy, spectroscopy, and theory results is achieved.
The relevant vibrational bands are color-coded to help with the analysis of the three
sub-figures. As justified below, the blue and orange contributions relate to aliphatic
C-C or C-H vibrational modes, whereas the purple and green contributions relate to
aromatic C-C or C-H vibrational modes, respectively. From this, it can be immediately
seen that whereas the predominant frequencies at 300 K relate solely to aliphatic car-
bons as expected, their corresponding intensities are seen to decrease with temperature,
concomitant to the emergence of aromatic carbon fingerprints. At about 450 K, the
aliphatic contributions vanish whilst the benzenoid, respectively aromatic ones are max-
imized. With further annealing, the aromatic intensities decrease almost monotonically
over a wide temperature range (up to 700 K), as a consequence of the slow, featureless
dehydrogenation (C—H cleavage) observed in the second regime of the TPD data. These
observations are described in the following in detail.
The major energy loss peaks are seen at approximately 415, 955, 1100, 1315, 1405, and
2885 cm≠1 (Figure 3.9(a)). In order, these correspond to the Rh—C stretch, a weak
C—C bend, a symmetric C—C stretch, the symmetric and asymmetric methyl defor-
mations, so-called umbrella modes, and the C—H symmetric stretch, while the tail at
higher frequencies of this peak accounts for the asymmetric one. Both C—C and C—H
stretch frequencies are characteristic of carbon in a sp3-hybridized configuration, i.e.
with a C—C bond order of one. Thereby, the observed vibrations are also compatible
with the conversion of ethylene to ethylidyne upon adsorption and agree well with those
previously reported [124, 125].
As an e�ect of flash annealing (heating up to the target temperature just for a very short
time) to 370 K (Figure 3.9(a)), the Rh—C stretch decreases in intensity and shifts to
~445 cm≠1. A peak attributed to an edge C—H out-of-plane mode, possibly belonging to
aromatic structures, appears at 735 cm≠1, with a weak shoulder at 785 cm≠1; both C—C
bend and C—C stretch modes decrease in intensity, as well as the umbrella mode. The
C—H stretching region exhibits a doublet with maxima at 2880, representing aliphatic
and at 2995 cm≠1, representing benzenoid modes. The changes in the observed modes
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indicate the onset of a conversion of ethylidyne into di�erent species, being aromatic or
benzenoid structures. This is in agreement with the STM observations at these tem-
peratures (Figure 3.7). In addition, the presence of a weaker and shifted Rh—C stretch
can be attributed to C

4

metallocycles identified at 370 K. After flash annealing to 420 K
(Figure 3.9(a)), the Rh—C stretch shows a more complex structure, slightly increasing
in intensity, and shifts to ~470 cm≠1. The most noticeable changes are a clear increase
of the peak at 755 cm≠1, which develops two distinct shoulders at 795 and 845 cm≠1.
These peaks are attributed to three distinct C—H out-of-plane bending modes belonging
to aromatic structures. The C—C bend decreases in intensity whereas the C—C stretch
increases slightly. The symmetric component of the CH

3

umbrella mode decreases much
faster than the asymmetric one, and an additional vibration is observed at 1380 cm≠1.
The C—H stretch region shows only a single peak at 2995 cm≠1, with a shoulder at
2885 cm≠1, in agreement with the umbrella motions being decreased. The changes in
the observed modes indicate that the vast majority of ethylidyne is converted into ben-
zenoid structures.
Nevertheless, the more complex pattern observed in the characteristic region for the
Rh—C stretch, which suggests the presence of more than one type of Rh—C species,
and the new CH bend at ~1380 cm≠1 indicate the presence of C

2

H and CH intermediate
species, with the C—C bond of the C

2

H species oriented nearly parallel to the metal
surface, as previously reported [134][125].
Upon flash annealing to 470 K (Figure 3.9(a)), the main change is represented by a
complete quench of the Rh—C stretch. The peak representing the C—H out-of-plane
modes is still resolved in a triplet with maximum at about 760 cm≠1 and two shoulders
at 800 and 840 cm≠1. The C—C bending and stretching vibrations, as well as the C—H
stretch, decrease in intensity. In conjunction with the small decrease of the out-of-plane
bends, this indicates a decrease of the total number of peripheral hydrogens, which im-
plies a widening of the species, i.e. larger delocalized systems and dehydrogenation.
After flash annealing to 520 K (Figure 3.9(a)), further broadening and intensity decrease
of the C—H out-of-plane bending mode is observed. The region between approximately
1000 and 1500 cm≠1 shows a complex pattern which is related to various C—H and C—C
in plane stretches of aromatic or benzenoid compounds [178]. The presence of a peak at
1710 cm≠1 and a broad feature at 1985 cm≠1 indicates a minor CO contamination. But,
the corresponding weak intensities suggest that the level of contamination is negligible
[124]. Therefore, it is assumed to have no e�ect, because the C

2

H
4

/Rh(111) system is
chemically relatively insensitive to the presence of CO [125, 126, 134].
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As an e�ect of flash annealing to 570 K (Figure 3.9(a)) and above, further broadening of
the C—H out-of-plane bending mode is observed, concomitant with a decrease in related
intensities.
Figure 3.9(c) shows the trends for the integrated intensity of selected frequencies as a
function of temperature. The umbrella mode and the aliphatic C—H stretch dramati-
cally decrease at ~370-420 K, while the C—H out-of-plane bending and aromatic C—H
stretch increase in intensity. This implies that the conversion of ethylidyne to ben-
zenoid species occurs in this temperature interval. At higher temperatures a progressive
decrease of all vibrations is seen, attributed to dehydrogenation and concomitant con-
densation of aromatic species into larger structures.
For further support of the proposed identification of the various temperature-dependent
intermediates, simulations of HREELS data, based on the DFT-optimized geometries
for the C

2

H
3

(ethylidyne), the C
4

H
4

, and the C
6

H
6

species are conducted (Figure 3.10).
The major energy loss peaks for the C

2

H
3

/Rh(111) computed spectrum are observed at
422, 1107, 1318, and 2940 cm≠1. In order, these correspond to the Rh—C stretch, a sym-
metric C—C stretch, the methyl deformations, so-called umbrella mode, and the C—H
symmetric stretch. We note that these frequencies are all aliphatic in nature. Next,
the computed HREELS data for C

4

H
4

/Rh(111) shows major energy loss peaks at 337,
441, 795, and 3075 cm≠1. The two first are associated with Rh—C bends and scissoring
modes, the third relates to C—H wagging modes, and the fourth to C—H stretching. Fi-
nally, the C

6

H
6

/Rh(111) computed spectrum shows the expected aromatic fingerprints:
The major energy loss peaks are at 336 (Rh—C stretch), 543 (C—C ring deformation),
773, 827 (wagging and breathing coupling), and 3067 cm≠1 (C—H stretch).
Indeed, comparison of the experimental spectrum at 300 K with the DFT-based simu-
lated spectrum for an ethylidyne molecule reveals a remarkable qualitative agreement, as
expected. The two noticeable di�erences between the experimental and theoretical spec-
tra can be rationalized and do not undermine the validity of our comparative approach.
On the one hand, the computed intensity for the symmetric C—C stretch at ~1100 cm≠1

is overestimated. This can be rationalized by the fact that the DFT calculations employ
a slab of 3 Rh layers, whereby only the top layer is relaxed, leading to an overly amplified
C—C stretch. On the other hand, simulations do not reproduce the experimental C—C
bend mode observed at 955 cm≠1. Inspection of the dipolar components, which are not
taken into account in the simulations, shows that this mode has mainly dipolar contri-
butions parallel to the surface. Hence, it is plausible that these vibrational components
are experimentally picked up due to ethylidyne adsorbed at defect sites, such as step
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edges, hence imparting perpendicular vibrational components. However, the agreement
between the simulated and experimental spectra C

2

H
3

/Rh(111) is qualitatively remark-
able and holds also for the measurements known from literature [124, 125].
As discussed above, the aliphatic contributions significantly decrease at the expense of
intense aromatic ones following successive annealing steps to 370 and 420 K. Most impor-
tantly, the spectrum acquired after annealing to 420 K shows a prominent, extended, and
complicated band in the 250-600 cm≠1 region (see grey-shaded area in Figure 3.9(a)).
This band, which relates to Rh—C fingerprints, indicates the presence of several co-
existing C

n

H
x

species, bonded all very di�erently to the Rh substrate. It becomes evi-
dent that this band can largely be explained by the co-existence of the C

4

H
x

and C
6

H
x

species (x represents an undefined number). As identified by LT-STM data in the same
temperature range (Figure 3.7), indicated as mobile species by STM at elevated temper-
ature (Figure 3.5 and modeled by DFT (Figure 3.10). Indeed, the superposition of the
Rh—C bands for C

4

H
x

and C
6

H
x

, respectively the grey shaded area in Figure 3.9(b)),
explains the experimental observations (grey shaded area in Figure 3.9(a)). In addition
to these Rh—C contributions, the well reproduction of the experimental spectrum by
superposition of the various C—C and C—H bands of C

4

H
x

and C
6

H
x

provide further
evidence that these two species are present.
With ongoing polymerization at 450 K and above and hence longer 1D-PAH chain
lengths, the Rh—C stretch frequencies shift, due to increasingly large reduced mass,
to smaller wavenumbers ending below 250 cm≠1, i.e. below the measured range.
Finally, the simulation of DFT-based HREELS for a model 1D-PAH/Rh(111) is com-
putationally too expensive to be performed, due to the extended size of the unit cell.
This precludes a direct experimental versus theory HREELS comparison for tempera-
tures above 450 K. However, several important conclusions can be drawn. First, the
slow dehydrogenation process and the concomitant increase in lateral extension of the
benzenoid backbone are clearly evidenced in the experimental spectra for temperatures
above 450 K. Indeed, the intensity of the aromatic C—H stretch peak at 3000 cm≠1 slowly
decreases with temperature, and vanishes at 700 K (Figure 3.9(c), spectra not shown).
In a concerted manner, one also observes the decrease in intensity of the 750 cm≠1 peak,
which arises from C—H out-of-plane wagging and benzenoid C—C-breathing modes.
Whilst the C—H wag component also vanishes by 700 K with the loss of hydrogen, the
C—C breathing component remains present at even higher temperatures, when graphene
flakes emerge. In addition, the C—C breathing modes have mainly dipolar contribu-
tions parallel to the surface, and HREELS is sensitive only to perpendicular dipolar
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a) b)

h)

e)

f) g)

d)c)

Figure 3.10: DFT simulations to proof the structure of the observed species. (a) Side-
view of ethylidyne/Rh(111); (b) Side-view of C

4

H
4

and C
6

H
6

/Rh(111); (c) top-view of ethyli-
dyne/Rh(111); (d) top-view of C

4

H
4

and C
6

H
6

/Rh(111); (e) top-view of 1D-PAH/Rh(111);
(f) DFT simulation of ethylidyne/Rh(111); (g) DFT simulation of C

4

H
4

and C
6

H
6

/Rh(111);
(h) DFT simulation of 1D-PAH/Rh(111).

contributions. Hence, the growth of graphene into ever larger flakes is accompanied by
a decrease in HREELS intensity for the C—C breathing modes and a shift to lower fre-
quency. Interestingly, the C—C breathing modes are also seen to broaden with increased
aromatic lateral extension. This expected, due to the averaging over the many Rh—C
bonding configurations imparted by the lattice mismatch between graphene and the Rh
substrate, as discussed previously.
Beyond the identification of the chain structure, the exact formation mechanism and

revealing of the participating species would allow to describe the pathway from ethyli-
dyne to graphene in detail. Therefore, higher time-resolution, while maintaining high
lateral resolution is required to identify highly mobile species.
FASTSTM [179] gives access to this. In Figure 3.11(a) the surface is at first covered by

two spots with about 1 nm in diameter, which are assumed to be 7C
6

clusters. These
species have been formed before by ethene dosage, followed by annealing to 973 K to
form small graphene patches (not visible in the images), which enable an easy adjust-
ment of the FASTSTM [179], in order to obtain high quality images. Ongoing research
shows that this is not anymore necessary. Via this procedure also some small species
formed, which are most likely 7C

6

species. The height calibration can be done by known
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a)

f)e)d)

c)b)

Figure 3.11: Chain formation at 448 K - observation by FASTSTM. Time steps: (a-b) 94 s,
(b-c) 0.25 s, (c-d) 0.25 s, (d-e) 0.25 s, (e-f) 0.25 s. Ethene dosage started ~15 s after acquisition
of (a). Ethene pressure of 8 · 10≠8 mbar; Image sizes, 14 · 14 nm2; Imaging conditions, 0.8 V;
1.0 nA; Acquisition rate, 4 images/s.
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structures, e.g. step heights ~15 s seconds afterwards, the ethene dosage is started.
After 94 s (Figure 3.11(b-f)), three di�erent species are observed. First, many very
small and very mobile species, which can be, also at this elevated scanning speed, only
observed for some scan lines. At the used resolution of 200 lines/image and a acquisition
time of 0.25 s/image, one line corresponds to 1.25 ms. Therefore, the residence time of
the species is in the order of 7.5 ms as estimated via the STM measurements in Fig-
ure 3.5. The exact structure of these species is not resolved, but the height with respect
to the other species corresponds to C

2

species, e.g. ethylidyne, and to benzene. Second,
some larger species occur. According to their height, these features are addressed to be
C

4

species, e.g. but-2-en-1,4-diylidene, M>C—C=C—C<M. Furthermore, these species
appear fuzzy and are according to their positions not stable between two images. Also,
the morphology of the structures themselves appears quite mobile. This indicates the
formation of intermediate agglomerates of small hydrocarbons and the formation of small
nuclei, which enable the growth of the PAHs. Third, several 1D-PAH chains formed, be-
ing similar to the ones observed in Figure 3.5. The background is slightly tilted, due to a
not perfect compensation of the surface inclination by the applied scanning parameters.

3.3.2 1D-PAHs to 2D-cluster agglomerates

This section analyzes the transformation from 1D-PAH chains to 2D clusters and the
nucleation of these clusters afterwards. Time-resolved STM images, respectively movies,
acquired at elevated temperatures, are analyzed. These in situ measurements validate
the reaction sequence that leads to the formation of 7C

6

species.
Upon increasing temperature and ongoing dehydrogenation, the chains sequentially in-
troduce kinks, curl up and detach carbon clusters. Further kinking, i.e. curling-up of the
1D-PAHs and their consequent broader appearance is observed by in situ measurements
in the range between 488 and 533 K (Figure 3.12), with the resulting kinks aligned with
the three main symmetry directions of the substrate. While the chain density remains
constant, excluding coalescence, an apparent shortening of the 1D-PAHs by 25% is con-
sistent with the introduction of kinks. This intramolecular reshaping is a consequence
of thermodynamic arguments, which is explained by Clar’s rule [150] and could occur
by breaking the longest and also weakest C—C bond in the structure [155, 180] (green
doted bond in the initial compound in Figure 3.17(a,b)), while keeping the rest of the
molecular backbone intact (Figure 3.18). From the STM data it can be not concluded,
if detachment of peripheral hydrogen atoms comes along with the kinking, or not. Also,
the plateau region in the TPD can not clearly support or exclude this point. Therefore,
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e) f) g) h)

a) b) c) d)

Figure 3.12: In situ dynamics of the 1D-PAH curling-up and the formation of 7C
6

precursors.
Upper panel, 488 K to 533 K: The marked area shows: (a-c) kinking and curling-up; (d) 7C

6

precursors form upon dehydrogenation of the curled-up ends (see the three protrusions that
have formed in the area marked by the green circle). Image sizes, 27 · 27 nm2; Imaging
conditions, 0.5 V, 50 pA; Time steps, 131 min (a-b), 26 min (b-c), 109 min (c-d). Lower panel,
563 K: In the marked areas, the formation and detachment of 7C

6

units from curled-up chains
ends can be observed. Image sizes, 12 · 25 nm2; Imaging conditions, 1.0 V, 50 pA; Time steps,
(e-f) 3 min, (f-g) 23 min, (g-h) 34 min.

the bonds to the hydrogens, which are attached to the initially hydrogen-free carbons,
are dashed, because it is not clear, if these hydrogens are still bound or if they desorb
from the surface, while the new C-C-bond is forming. Nevertheless, the TPD in Fig-
ure 3.2(a) shows a very smooth peak around 630 K, whereas the chain restructuring
below this temperature range comes along with less hydrogen formation. To conclude,
the opening of a single C—C bond is su�cient to allow a shift of two C—C bonds on the
carbon backbone (Figure 3.17(a,b)). This introduces a double kink into the 1D-PAH.
The two chain terminations have to shift laterally by one C—C bond length without the
need for reorientation or rotation of the chain, minimizing the steric demand.
Figure 3.13 represents complementing LT-STM data of the curling-up process observed

by STM (Figure 3.12). Thereby, the ethene saturated Rh(111) surface is flash annealed
to 470 K (left side), ending in strictly linear segments, and 520 K (right side), where the
structures are seen slightly broader and statistically 25% shorter. The images are super-
imposed with sketches, which represent tentatively the molecular structure to illustrate
the kinking process occurring at temperatures above 470 K.
At 563 K (Figure 3.12) the 1D-PAHs shorten further. In parallel, several chain ends
become clearly broader, indicative of the onset of structural reshaping into the second
dimension. The increased propensity of kinking forces the chain ends to curl up (Fig-
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Figure 3.13: LT-STM data on the curling-up process. STM images with identical height
scaling of 1D-PAHs after flash annealing to 470 K (left side) and 520 K (right side). Measure-
ments done by C. Bromley (EaStCHEM and School of Chemistry, University of St Andrews,
St Andrews, KY16 9ST, UK); Image sizes, 5.5 · 5.5 nm2; Imaging conditions, 1.1 V, 0.1 nA.

ure 3.3 transformations at ~520 K and ~570 K), leading to close proximity of adjoining
C—H bonds and allowing for C—C bond formation at these temperatures. The proximal
e�ect leads in general to an activation of C-H-bonds [181], enabling further dehydrogena-
tion. Recall the activated formation of graphene nanoribbons on Au substrates at around
670 K [182]. In Figure 3.2(c) the curled-up PAH chain ends take two distinct appear-
ances. One in which the apparent height remains unchanged with respect to the chain
segments (100 pm). The other exhibiting an apparent height increase to 150 pm (Fig-
ure 3.12 for details). Both types of chain ends have a lateral extension of ~1 nm. These
features can be assigned [140] to coronene and 7C

6

(i.e. dehydrogenated coronene) chain
terminations, respectively. The complete dehydrogenation, i.e. the transformation from
a coronene-type to 7C

6

-type species (green circles in Figure 3.12(a-d) at 488 to 533 K),
seems to be concomitant with a sudden increase in the height of the according chain
end. However, the resulting 7C

6

units are too strongly bound to the substrate, to dif-
fuse significantly in the employed temperature range. A further temperature increase is
needed to accelerate the detachment process (Figure 3.12(e-h) at 563 K). The fact that
in situ measurements at elevated temperatures and low temperature measurements after
ex situ annealing show the same features, excludes artifacts deriving from the annealing
or cooling processes. DFT calculations (Figure 3.19) predict a certain cleavage pathway
and an activation energy of 2.36 eV.
Comparing Figure 3.2(b) and (c) shows that the density of PAH chains decreases at the
expense of smaller and detached particles of quasi-circular shape, exhibiting a diameter
of 1 nm and again two di�erent heights, one of ~100 pm and the other of ~180 pm.
These heights are consistent with coronene-type species with varying hydrogen contents
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[140]. The less elevated species are always separated by at least 1.7 nm distance ac-
cording to their centers, indicating that they are still hydrogenated. The ~180 pm high
species are able to form nucleates, respectively islands, with heights of ~200 pm. Some
of these species show the elevated height directly at cleavage from the chain or even
before. Others increase their height afterwards. Generally, the increase in height seems
to be linked to the complete dehydrogenation (Figure 3.14(a,b)).
Corresponding to literature [140] the relative concentration of 7C

6

clusters among all
carbon particles increases with temperature, concomitant with the slow release of H

2

to
the gas phase up to ~750 K (Figure 3.2). The nucleation of 7C

6

is observed by in situ
measurements at 633 K up to 649 K (Figure 3.14(a,b)), i.e. ~100 K lower than the end
of the hydrogen signal in the TPD. The reason for this is twofold. First, the long time
span at the set temperature, being in contrast to the 2 K/s sweep for the TPD, ends
in a further developed dehydrogenation. Second, the hydrogen evolution does not need
to be complete, it seems to be enough to have locally 7C

6

species close to each other,
which can nucleate. This overlap of processes is also observed in other high temperature
data (Figure 3.12 and Figure 3.15) and represents the nature of consecutive reactions.
It is expected that the concentration of the certain species depends on the concentra-
tion of the preceding species and the activation energies to form the apparent species
as well as the subsequent species, whereas the concentration of the subsequent species
is neglected, due to the suppression of the back reaction by the hydrogen removal and
the thermodynamic driving force. The total surface density of carbon clusters decreases
at the expense of poorly ordered graphene islands, which remember the structure of the
carbon clusters to some extent (green marked areas in Figure 3.14(a,b)). This is a clear
indication that the clusters become in this temperature range activated for di�usional
coalescence. Hence, 7C

6

seems to be the fundamental carbon precursor for the formation
of graphene on the Rh(111) surface. After annealing to 773 K, mostly clusters of identi-
cal size, likely 7C

6

, and larger islands are observed. These islands are easily recognized
as graphene, due to the emergence of the Moiré superstructure, imparted by the lattice
parameter mismatch between the carbon overlayer and the metal substrate [140].
Nevertheless, there are also clusters of di�erent size, mostly larger appearing, observed.
These clusters are assumed to be either C

21

-3C, which has been described to be a en-
ergetically favored structure [183] and might be formed by a transformation starting
from 7C

6

or larger clusters, e.g. C
36

, which might be formed, starting with 7C
6

, by the
pick-up of single carbon atoms or small carbon fragments (Figure 3.16). These clusters
might be the highest observed clusters, due to the larger area to form more protruded
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cluster domes. All these intermediates allow to describe alternative reaction pathways
for the conversion from 7C

6

to graphene. But, the dominating mechanism is, according
to the observed concentrations of the di�erent species on the Rh(111) surface, an ag-
glomeration of clusters in the size range about C

24

to graphene flakes, which reconstruct
finally by the gradual reduction of defects to graphene.
Height profiles in the lower panel of Figure 3.14 indicate that the height of the hydrogen-
free 7C

6

species is very similar to the height of the graphene islands. This is a further
indication that 7C

6

incorporates quasi the properties of graphene and needs just to
agglomerate to finally form graphene flakes. Preliminary studies with tetracene (unpub-
lished result by Schaub et al.) showed that the formation of 7C

6

is of universal kind.
But, thermodynamically more stable hydrocarbon feedstocks adjust latter to the here
described pathway. This seems to be a general extension to the behavior observed by
Somorjai and co-workers [125, 127]. Can the knowledge about the universal intermedi-
ate 7C

6

and about the selective formation of this species be used to form higher quality
graphene? No, because the 7C

6

clusters merge together via a hit and stick mechanism
(Figure 3.14), ending in rather defect-rich graphene patches. These patches need higher
temperatures to reconstruct to higher quality graphene (Figure 3.15).

3.3.3 Graphene ripening

In Figure 3.15 reshaping and coalescence is observed by an in situ sequence of STM
images, which are taken at 823 K. At these temperatures, the graphene is still poorly
ordered, but already with a corrugation that reminds the Moiré superstructure, which
can be observed as elevated areas with roughly 3 nm periodicity.
While island di�usion is not observed at these temperatures, the dynamics can be de-
scribed by two other processes: i) smaller islands get dissolved in an Ostwald type of
ripening (small dashed green circles in Figure 3.15) and ii) voids between large islands
get filled by graphene growth (large dashed green circles in Figure 3.15), ending in a
seamless film. Overall, the graphene coverage is slightly increasing during the image
sequence, either due to di�usion of carbon atoms from the surroundings of the imaged
area, or due to carbon segregation from the bulk that cannot be excluded at these
temperatures. On the top regions of the images a flat area can be observed, which is
changing its morphology at the rim. This is assigned to Rh(111), which restructures at
the step edge at the applied temperature.
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Figure 3.14: STM at 633 to 649 K and after annealing to 773 K. (a) at 633 K; (b) the same
area as in (a) after heating up to 649 K; (c) after annealing to 773 K; The areas with significant
changes are marked with green dashed circles. The height profiles below each image represent
the profile of the green dashed line in each image. Image sizes, 45 ·45 nm2; Imaging conditions,
(a,b) 1.0 V, 0.1 nA; (c) -0.1 V, 0.1 nA; Time step, (a,b) 260 min.

a) b)

d)c)

Figure 3.15: In situ STM of graphene healing at 823 K. The 2 areas with significant changes
and 2 vanishing islands are marked with green dashed circles; Image sizes, 30·110 nm2; Imaging
conditions, 1.0 V, 100 pA; Time steps, (a-b) 7 min, (b-c) 4 min, (c-d) 11 min.

66



3.3. Decomposition of ethene to graphene

M

M

M

M

M
M

M

M

M

M

M

M

M M

M

M

M

M

MM

M

M

M

M

M M

M

M

M

M

M

M

M

M

M

M

Re
sha

pin
g

Carbonpick-up

7C6

C21-3C

C36

Graphene

Figure 3.16: Reaction pathway hypothesis from 7C
6

to graphene. The dashed reaction arrows
indicate that the intermediate carbon clusters seem to be not always formed.

3.3.4 Thermodynamics and kinetics of the decomposition
pathway

The introduction of kinks into the formed 1D-PAHs occurs from ~500 K on, i.e. at more
elevated temperature than required for the onset of growth (~450 K). Only at higher
temperatures does the propensity of kink formation increase, whilst the integrity (i.e.
no chain brake-up) and the 1D character of the PAHs remains una�ected (Figure 3.12).
This observation indicates that 1D-PAH growth is essentially driven by kinetics and not
thermodynamics, which coincides with the fast kinetics expected [170]. This is assumed
to result in a behavior similar to Ostwald’s step rule [184]. At a certain oversaturation,
in this case the concentration of ethene or ethylidyne species on the surface, first the
most easily accessible, i.e. the kinetically most favored, structure will form, whereas
the structures, which are favored by thermodynamics, form just after further activa-
tion. The higher the oversaturation, respectively the di�erence to equilibrium, the more
pronounced this e�ect should be. In this case the formation of longer chain segments
without kinks or far away from the equilibrium the formation of branched chains or
random structures like expected for amorphous carbon could occur.
With regard to this kinetic control, Clar’s rule indicates that the maximum reactivity of
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Figure 3.17: Hypothesized structural transformations leading to the introduction of kinks
into a 1D-PAH. (a) Breaking of backbone bond and bond flipping; (b) Electrocyclic ring
opening, followed by Bergman-like rearrangement and [1,2] H-shifts. The moving atoms are
color-coded, the opacity of the circles at the final positions is reduced for clarity, especially in
case of consecutive reaction steps (Figure 3.18).
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1D-PAHs in unsupported, homogeneous reactions is found at the localized double bonds
positioned at kink sites. The enhanced electronic contrast, which is often observed at
the kinks, indicates that these double bonds interact strongly with the support. Also,
their reactivity should be higher than at the terminal C

6

rings, i.e. at the chain ends,
which should be passivated by their benzenoid character. Their relative reactivity should
increase with chain length [170], due to the loss of aromaticity. Nevertheless, growth
is exclusively observed at chain ends. This can be understood in terms of the electron
density that steers the reaction. The aliphatic, metal-coordinated C

2

and C
4

species
are electron-rich, whereas 1D-PAHs have a modulated electron density, similar to what
is observed for the g/Rh(111) superstructure [91]. The strongly interacting, bridge, fcc
and hcp site centered C

6

rings are electron-rich, whereas less interacting parts of the
chain tend to be electron-deficient [185]. Additionally, the electron densities of those
C—C bonds in linear PAHs that are not shared by other C

6

rings, i.e. at the chain ends,
are comparatively depleted. Therefore, these species act as electron acceptors, favorably
reacting with electron-rich C

2

and especially C
4

species in a cyclization reaction.
The question arises, how the introduction of kinks can proceed within a 1D-PAH. In the
absence of a direct proof for a specific mechanism, a structural rearrangement process
is hypothesized (Figure 3.17(a)). The thermal activation, and subsequent opening, of a
single C—C bond (of quasi bond order 1, due to the low extent of aromaticity in the
PAHs, i.e. the weakest bond in the molecular backbone) could be su�cient to allow for
the introduction of a pair of kinks, without inducing any further structural deforma-
tion or chain cleavage. The kinking could also proceed by another mechanistic pathway
(Figure 3.17(b)), i.e. by a electrocyclic ring opening, followed by a Bergman-like rear-
rangement reaction [186, 187] and finalized by [1,2] shifts of hydrogen atoms. Thereby,
the first intermediate, i.e. the educt for the Bergman-like rearrangement, seems to be
very high in energy. But, activation via the Rh(111) surface may enable this process.
In the end, the chain structure and also the position of all carbon atoms would be the
same as via the other mechanism, only according the hydrogen atoms could di�erences
occur.
The increased kinking leads to the overall apparent shortening of the 1D-PAHs by
roughly 25%, as observed by STM (Figure 3.12). This mechanism has also an influ-
ence on the chain morphology (Figure 3.18). The formation of single kinks like shown
via the chain growth is rather unlikely, due to the steric demand via such a kink for-
mation. The whole chain from the kink onwards would have to turn by 60¶. This is
hindered by neighboring chains and to a minor extent by the preferred orientation of the
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chains according to the Rh(111) lattice. In contrast to this, during the chain growth a
single kink can reduce the lattice mismatch directly and form an additional Clar struc-
ture, i.e. a disjoint fi sextet at lower temperatures as the here described double-kinks.

Figure 3.18 starts with a straight 12-benzene-ring long unit, which is representative
for the PAHs observed via STM. These PAHs can be much longer, but, are then al-
ways segmented via kinks. The hypothesized mechanisms (Figure 3.17(a,b)) enable by
consecutive steps the formation of various structures (Figure 3.18(b-h)). Thereby, the
kinking does not need to start at the chain ends (Figure 3.18(b’,c’)). The steps to ob-
tain a coronene-type termination can be permuted. This coincides with the observation
via STM (Figure 3.12) that kinks can also be inserted within the chains, i.e. between
already existing kinks (Figure 3.18(l-p); fakultatively detached hydrogens are in these
structures only shown at selected sites with dashed bonds, but are assumed to behave
similar as in Figure 3.18(b-h)).
The dark blue and green circles illustrate the atoms, which change their coordination
to the next structure, the pale colored circles in the succeeding structure show the new
positions of the according atoms. Per kink are two carbon atoms, which were before
only coordinated with carbons able to bind to one hydrogen atom. Nevertheless, it is
not clear, if the hydrogen of the neighboring carbon atoms, which loose each one hy-
drogen, binds always, in some cases or never to these new sites. Because, according to
the hydrogen TPD on Rh(111) [130], formed hydrogen desorbs at these temperatures
directly from the surface. This uncertainty is illustrated by the dashed lines to the hy-
drogen atoms. The small black circles within some carbon rings represent the increasing
amount of Clar-type disjoint fi sextets, which are a thermodynamic driving force for the
kinking and are used explicitly in some of the structures. Within a straight segment is
always a single Clar structure assumed. Although, from six, respectively seven, ring long
chains on a shift to two disjoint fi sextets at the ends and the formation of a 1,4-agostic
interaction on cost of a double bond is reported by both calculations [164] and exper-
iments [165]. But, by the interaction to the Rh(111) this can be di�erent in the here
observed system. Furthermore, an isomerization of the chains, i.e. a coupled shift of the
disjoint fi sextets can occur (Figure 3.18(q,r)). This can be also kinetically hindered by
the interactions to the support. The insertion of further kinks requires the shift of large
parts of the chain by subatomic distances along the Rh(111) surface (Figure 3.18(s,t)).
This is, due to the the lattice mismatch and the not fixed adsorption geometry, thermo-
dynamically of quasi no cost as well as easily accessible according to kinetics. Also, the
steric repulsion by the neighboring chains becomes on average minimized. A pathway
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Figure 3.18: Schematic of the mechanisms and the reaction pathways of chain kinking and
curling-up and 7

6

detachment.
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of the cleavage on the formation of 7C
6

can be hypothesized (Figure 3.18(i-k)). The
formation of a new aromatic ring would drive the cleavage. Afterwards, the formed,
highly unsaturated chain would restructure to a new ring instantaneously. But, this
could be not resolved via STM.
DFT calculations (Figure 3.19) postulate the formation of structure (Figure 3.18(g’))

or of the according structure without hydrogens at the coronene-type termination (not
shown). These structures enable the formation of 7C

6

via the lowest activation ener-
gies of 2.36 eV, respectively 2.29 eV for the dehydrogenated structure. Nevertheless,
the formation of the structure (Figure 3.18(g’)) itself is not shown via calculations and
some di�erences to the observations by STM are striking. The structure is assumed
to have still hydrogens at all binary carbon atoms and one carbon atom would have
only three bonds and it is not explained how this might be stabilized via the support.
These coincides with the STM data (Figure 3.12, Figure 3.14), which shows that many
coronene-type chain ends are partially, if not completely dehydrogenated, before the
cleavage starts. It might be that some of these species are already detached and the
gaps to the remaining chains are just not resolved. Vice versa, detached carbon clus-
ters, which are observed (Figure 3.14) as flat carbon clusters, i.e. which are not already
completely dehydrogenated, show that a complete dehydrogenation is not necessary for
the detachment.
To conclude, this mechanistic pathway is indicated by the observations. The 1D-PAH
chains-ends undergo 2D-restructuring by a combination of kink formation and curling-
up. Coronene-type terminations become apparent. Continued 2D-PAH growth beyond
this critical size occurs by detachment of coronene-type species with varying hydrogen
content. This process may be induced by hydrogen release during the 2D-restructuring.
Concomitantly, peripheral dehydrogenation of the detaching species leads to carbon-
metal hybridization with the underlying Rh(111) substrate, forcing the detaching units
to adopt a dome-shaped configuration [140]. Dehydrogenation may be completed before
or after the detachment of the C

24

unit.
The dehydrogenation processes associated with the above restructuring processes of the
1D-PAHs lead to gentle release of H

2

, correlating with the TPD findings in the range of
450 to 700 K (Figure 3.2 and [124, 128, 129]).
After detachment, the PAH chain residues are likely to di�use and to merge with each
other and to perpetuate the production of 7C

6

clusters. Increased annealing leads to
thermal di�usion of the 7C

6

precursors [140], which coalesce into extended graphene.
The microscopic pathways described here operate over a wide temperature range and
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Figure 3.19: DFT-based reaction pathway of the 7C
6

formation.
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allow for a slow release of the remaining 25% hydrogen, compatible with the TPD data
(Figure 3.2 and [124, 128]).
The surface-catalyzed thermally activated chemical transformation of adsorbed ethene
into graphene (Figure 3.3), which is found to proceed via coupling reactions that lead to
the formation of segmented 1D-PAH chains with a subsequent dimensionality crossover
(1D to 2D) and restructuring, resulting in detachment of C

24

self-evolved precursors,
ends with their di�usional self-assembly and condensation to form extended graphene
monolayer patches (Figure 3.2(d) and Figure 3.15).

3.4 Universality and temperature-sensitivity of the
decomposition pathway

3.4.1 Universality of the decomposition pathway for various
hydrocarbons

The formation of kinked chains with straight segments up to ~3 nm in length is ob-
served for various hydrocarbons (Figure 3.20), i.e. beside ethene, the larger hydrocar-
bons 1-butene, 1,3-butadiene and benzene, on Rh(111) and on Ru(0001), another group
VIIIb metal, which interacts more strongly with the hydrocarbons [38] and which shows
comparable TPD features as Rh(111) [188]. Thereby, for all systems the chain growth
occurs at comparable temperatures, i.e. between 463 K and 523 K. This indicates a uni-
versal mechanism. On this, the interaction to the support seems to have rather minor
influence and the dehydrogenation of ethylidyne seems to be rather unproblematic. The
formation of C-C bonds and of hydrogen seem to be the thermodynamic driving forces
to enable breaking of C-H bonds, respectively hydrogen loss.
The chains appear ~80 pm high and some protrusions at the chains appear with ~120 pm
in height (Figure 3.20(a,c,e,g)). Furthermore, some species are ~220 pm in height (Fig-
ure 3.20(c,g)). These are likely C

4

-species, which are adsorbed to chains or forced by
the surrounding chains to a steep adsorption angle. In contrast to this are the chains in
the Figure 3.20(b,f) imaged with ~30 pm in height. It is assumed that adsorbates, e.g.
C

2

-species, which are adsorbed to the surface between the chains, induce this smaller
apparent height of the chains. For the inset images, representing samples with lower
coverage, again heights of 80 pm for the chains and up to 120 pm for the protrusions of
the chains appear. In contrast to this homogeneous behavior, Figure 3.20(d) is di�erent.
There, the chains appear ~240 pm high. Additionally, two small, di�using species (likely
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g)f)e)

d)c)b)a)

h)

Figure 3.20: Universal validity of the 1D-PAH formation. STM images after flash annealing
of, (a) C

2

H
4

/Rh(111) to 473 K; (b) 1-Butene (C
4

H
8

)/Rh(111) to 463 K; inset: low cover-
age to 468 K; (c) C

6

H
6

/Rh(111) to 473 K; (d) 1,3-Butadiene (C
4

H
6

)/Rh(111) to 483 K; (e)
C

2

H
4

/Ru(0001) to 523 K; inset: to 473 K; (f) 1-Butene (C
4

H
8

)/Ru(0001) to 463 K; inset: low
coverage to 468 K; (g) C

6

H
6

/Ru(0001) to 473 K; (h) Borazine (B
3

N
3

H
6

)/Rh(111) to 498 K;
inset: low coverage to 498 K; Image sizes, (a-g) 20 · 20 nm2, insets 10 · 10 nm2; Imaging con-
ditions, (a) 1.0 V, 0.1 nA; (b) 0.2 V, 0.05 nA; inset -0.5 V, 0.05 nA; (c) 0.5 V, 0.05 nA; (d)
0.7 V, 1.0 nA; (e) -0.5 V, 0.2 nA; inset 0.2 V, 0.5 nA; (f) 1.0 V, 0.1 nA; inset -0.5 V, 0.05 nA;
(g) 0.5 V, 0.1 nA. All images at the same height contrast, except d), which was adapted to
a twice as large scale. Gas dosage, (a) 27 L; (b) 2.3 L, inset 0.6 L; (c) 2.3 L; (d) 1.5 L; (e)
27 L, inset 27 L; (f) 2.3 L, inset 0.6 L; (g) 2.3 L; (h) Growing 3 Keith Haring artwork c•Keith
Haring Foundation used by Permission.
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a) c)b)

Figure 3.21: Temperature windows - coke formation and adsorbates versus selective 1D-PAH
formation. (a) After several minutes dosage at 1 · 10≠8 mbar ethene at 433 K. (b) After
several minutes dosage at 2 · 10≠8 mbar ethene at 523 K; (c) After several minutes dosage at
8 · 10≠8 mbar at 523 K; Image sizes, (a) 48 · 48 nm2, (b-c) 100 · 100 nm2; Imaging conditions,
(a-c) -0.6 V, 2.0 nA.

C
2

and C
4

species) are monitored with ~340 pm and ~90 pm in height. These huge
apparent heights seem to be influenced by the temperature of the measurement, being
110 K and not 300 K like for all other images. The higher density of kinks seems to be
accessible due to the lower surface coverage, which induces less steric hindrance to the
neighboring chains.
Additionally, the observed structures can be compared to known structures beyond STM
data. Thereby, some artwork by K. Haring, e.g. Growing 3 (Figure 3.20(h)) show similar-
ities to the observed structures in the STM data, e.g. kinked chains of various lengths,
which seem to repel each other. Although, there are some di�erences, e.g. branched
chains and completely closed circles, a handy name might be addressed to the observed
carbon chain structures - Haring-type structures.

3.4.2 Coke formation

The species discussed up to now are complemented by studies on amorphous carbon,
being likely a mixture of the hydrocarbon species mentioned up to now and additional
other species. This system is harder to resolve, but it is closer to the realistic situation
of industrial processes at highly elevated temperatures under reaction ambients.
At 433 K, the surface seems to be completely covered (therefore, the height can be not

measured) by small species, most likely ethylidyne, carbon chains are not formed, yet
(Figure 3.21(a)).
At 523 K and 2 · 10≠8 mbar ethene pressure, the step edges (indicated with the red

76



3.4. Universality and temperature-sensitivity of the decomposition pathway

lines) are extensively decorated, besides this are some very short chains and small clus-
ters observable (Figure 3.21(b)). This indicates that several species moved, probably
tip-induced, to the step edges and formed there kind of a carpet, similar like observed
for the h-BN species (Figure 3.23). The most often occurring species are ~180 pm high
and appear ~2 nm wide. These species can be 7C

6

.
At 523 K and 8 · 10≠8 mbar ethene pressure, the coverage increased strongly and also
several larger round nuclei and chains are present (Figure 3.21(c)). Thereby, the chains
appear with ~80 pm and larger agglomerates with ~200 pm in height. The latter might
be densely packed chains or other unresolved structures. These di�erences between the
observations at 2 · 10≠8 mbar and at 8 · 10≠8 mbar indicate that at low ethene pressures
the di�usion to the step edges is faster than the formation of the chains, whereas at high
pressures it is vice versa. This results in a huge pressure dependence in addition to the
temperature dependence. Furthermore, a certain concentration of hydrogen seems to be
required to enable the chain formation. This could be modeled by further experiments
with co-dosing of hydrogen. Preliminary experiments showed that hydrogen is at UHV
conditions not able to crack the chains. But, it could act as mediator, while the chains
are forming.
The observations in Figure 3.21 indicate a well-defined temperature window for the chain
formation. Thereby, the apparent hydrogen content of the system seems to be a crucial
property. The temperature range corresponds to a C:H-ratio of about 2:1 observed via
TPD. This fits to the C:H-ratio of PAHs. One can hypothesize that the dehydrogenation
above a certain temperature, which is below 523 K, becomes that fast that a further
chain growth is not possible. Instead, by activating several dehydrogenation steps to-
gether, amorphous, mostly one layer high carbon forms (Figure 3.22), similarly to the
observations by Günther and co-workers on Ru(0001) [189]. This amorphous carbon
needs to be annealed to 1100 K, i.e. to higher temperatures than in a sequential TPG
approach, in order to transform into well-ordered graphene. At a certain lower temper-
ature limit, which is above 433 K, the dehydrogenation becomes that slow that at the
applied ethene pressures a layer of ethylidyne forms, similar like at the dosage at 300 K.
To further improve these results, additional experiments with small temperature steps
and at enhanced time-resolution are planned. Thereby, especially di�erences between
the pathways via TPG and CVD will be interesting and would indicate cooperative
e�ects due to the cooperative network apparent via TPG and the step-wise addition
of more or less dehydrogenated species, which are far from equilibrium, via CVD. On
both images in Figure 3.22, the observed graphene was pre-formed via TPG mode to
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628 K 881 K

Figure 3.22: Coke formation by ethene dosage at 628 K and 881 K. Image sizes, 50 · 50 nm2;
Imaging conditions, 1.0 nA, 0.8 V.

adjust the FASTSTM [179]. The other species, covering the surface in between are likely
amorphous carbon species, which are similar to the ones described on Ru(0001) [189].
Dosing of ethene at these elevated temperatures activates several dehydrogenation steps
together, ending in amorphous, mostly one layer high hydrocarbon or carbon species.
It is interesting that at 881 K (Figure 3.22) after the dosage of several L of ethene, the
surface is completely covered with carbon species. But, still some uncovered Rh(111)
surface is observed between the carbon species. These spaces can be crucial for catalysis,
because even a surface which is covered by such a carbon film could show some reactivity
for the adsorption of hydrocarbons, especially small ones and could be a hint for the
apparent structure-insensitivity reported for ethene hydrogenation, which is assumed to
be induced by the adsorbed carbon [39, 190, 191]. Nevertheless, this data needs to be
reproduced in higher quality to enable a clearer discussion on this phenomenon.

3.4.3 Insights on the borazine decomposition

Since benzene decyclotrimerizes [134] and can be also used for graphene synthesis (Fig-
ure 3.20 and [192]), borazine, the isoelectronic BN-analogue to benzene, is a good strat-
egy for the synthesis of h-BN films, especially, if for borane and diborane very low
sticking coe�cients are assumed, due to the absence of double bonds in this substances.
Indeed, borazine is widely used for this purpose [65, 76, 193]. This section focuses on the
formation of intermediates during the decomposition of borazine on Rh(111) at various
temperatures and compares the observations to the findings on the decomposition of
hydrocarbons.
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Figure 3.23: TPD of borazine on Rh(111) and di�usivity of BN-chains. (a) TPD on m/z = 2
from 273 K to 973 K after dosage of 27 L borazine at 273 K; temperature ramp: 2 K/s; (b)
STM image of borazine/Rh(111) after annealing to 523 K; (c) STM image of borazine/Rh(111)
after annealing to 650 K; (d) STM image of borazine/Rh(111) after annealing to 1083 K; Image
sizes, (b) 60 · 60 nm2; (c) 40 · 40 nm2; (d) 60 · 60 nm2; Imaging conditions, (b) 0.6 V, 0.16 nA;
(c) -0.6 V, 0.05 nA; (d) 0.9 V, 1 pA; Dosage, (b,c) 0.8 L, (d) 10 L.
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The TPD in Figure 3.23(a) shows two broad peaks at ~380 K and ~620 K, similar to the
TPD of benzene [131]. The dehydrogenation ends at ~800 K, i.e. ~100 K higher than
for ethene on Rh(111) (Figure 3.2). The integral of the spectrum presents 50% hydrogen
desorption at 459 K (black vertical line in the graph) corresponding to the presence of
(BN)

n

H
n

species. This composition fits to polycyclic BN-chains. Therefore, the first
peak is for the most part assigned to the conversion of borazine via intermediates to
polycyclic chains. The intermediate part and the second peak represent the conversion
to hexagonal boron nitride nanomesh, respectively its completely dehydrogenated pre-
cursors. Up to now no TPD data on m/z = 78,79,80,81 have been acquired to proof that
borazine is not desorbing partially from the Rh(111) surface. But, a h-BN film forms on
Rh(111), indicating a pure decomposition without desorption. After annealing to 523 K,
the formation of islands consisting of densely packed chains is observed (Figure 3.23(b)),
these chains seem to be the BN-analogon to the 1D-PAH chains. The island formation
might be driven by these properties:

1. All BN-species, which block the di�usion at lower temperatures, are polymerized.

2. For the BN-chains a positive interaction between the chains is assumed, based on
the present permanent dipole of the BN-bonds.

After annealing to 523 K, an equilibrium exists between chains, which are located in the
islands and which are distributed among the surface, whereas, after annealing to 650 K
(Figure 3.23(c)), the chains and the at higher temperatures formed species are almost
exclusively present at the islands. This indicates that with decreasing hydrogen content
the positive interaction between the single units increases, which is likely obtained by
the direct coordination of B and N, whereas the C-based system shows no agglomeration
before carbon clusters, e.g. 7C

6

, are formed. In Figure 3.23(d) small patches of h-BN-
film, which appear with ~250 pm in height are accompanied by clusters of the same
size, which appear with ~200 pm in height. These clusters seem to be the BN-analogon
to 7C

6

. Similar structures have been shown in literature [194]. Although, there the
species are observed at ~100 K less temperature. Nevertheless, for both cases these are
higher temperatures than for the analogons observed during the graphene formation.
This indicates a higher steric hindrance of the system, which seems to be related to the
enhanced agglomeration, which could suppress rotation and di�usion processes.
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3.5 Conclusion and Outlook
The full pathway from ethene to graphene on Rh(111) is revealed by the combination
of VT-STM, LT-STM, HREELS, DFT and TPD data. Thereby, for the first time
various temperature windows have been identified, which allow access to highly specific
structures, namely linear, kinked and curled-up PAHs and 7C

6

islands.
This pathway is rather universal, since various hydrocarbons decompose by this pathway
on Rh(111) and on Ru(0001). Furthermore, similar intermediate products could be found
for borazine, isoelectronic to benzene. Here, however, the dipole moment of the hetero-
bond induces di�erent structures, e.g. an island formation of chain structures and higher
activation energies, i.e. higher temperatures, are required to obtain extended films.
As an outlook, the identification of highly mobile species by FASTSTM and of the
mechanistic details by highly resolving STM studies shall be continued.
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4 Cluster ripening

4.1 Motivation and state of the art
Surfaces are less coordinated than the bulk and their formation costs energy. Therefore,
clusters, which consist almost exclusively of surface, tend to change their morphology,
i.e. tend to form larger particles.
Cluster ripening is a fundamental problem leading to cluster degradation, because the
thermodynamic driving force, the increase of the average coordination number, points
to larger clusters and reduction of the surface areas. Therefore, its suppression is very
important to maintain and to enhance the lifetime and the performance of cluster sys-
tems, for example in catalysis [40, 195] or for chemical sensors [196]. Especially, in
catalysis it is crucial to o�er high stability, while maintaining high catalytic activity.
But, several mechanisms, which lead to reduction of the surface free energy, reduce the
catalytic activity. Most obvious, the formation of larger particles reduces the active
surface and therefore the activity. Furthermore, the particles can di�use into the bulk
of the support, e.g. reducible oxides as TiO

2

reduce the surface free energy by growing
onto group VIIIb metal particles, ending in a complete sealing and a complete deacti-
vation of the particles. This process is called strong metal support interaction [39, 197].
Corrugated superstructures are a promising support, because they o�er high stability
at specific binding sites and seal the support surface, which suppresses di�usion into
the bulk. Therefore, a profound understanding of the stabilization and of the thermal
activation of these supports is required. Therefore, this work focuses on the study of
the underlying mechanisms of ripening on the local scale, i.e. the changes of the cluster
morphology in real space as result of ripening. All studies use monodisperse clusters, in
size and in chemical environment.

One has to note that the understanding of the ripening processes di�ers strongly.
It is well developed for atom di�usion [198–207], whereas the influence of the support
[75, 76, 208] and the fundamental steps of the cluster di�usion [209–215] are up to now
analyzed in less detail and perimeter di�usion is only predicted by calculations [216].
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Furthermore, adjusting of supports from inert to co-catalyzing o�ers a huge variety of
interaction forms between the clusters and the support. This a�ects the stability of
the supported clusters. Nevertheless, despite of the importance on the stability and the
reactivity, the understanding of the cluster-support interaction and about the according
ripening mechanisms is still limited [208]. Therefore, this work focuses on the influence
of the periodical wettability and of the cluster-support interaction on the ripening.
The data is acquired by ex situ and by in situ STM measurements at various tempera-
tures in the range of 300-800 K.
In the first part of this chapter is the influence of periodically wettable surfaces analyzed.
Therefore, in situ annealing experiments are employed on:

1. Size-selected Pd
19

clusters on g/Rh(111)

2. Size-selected Pd
19

clusters on Rh(111).

This enables to observe the fundamental processes of the ripening mechanisms as well
as size-dependent shifts between the ripening mechanisms.
In the second part of this chapter, the influence of the support on the di�usion mecha-
nisms is analyzed. Thereby, a favor of cluster di�usion for weakly and of atom di�usion
for strongly interacting cluster-support systems is shown via ex situ annealing experi-
ments on various supports.

4.2 Literature survey on cluster ripening
Ripening can be separated in two di�erent mechanisms. First, into the di�usion by
loss of parts of the cluster, in most cases single atoms - atom di�usion, also called Ost-
wald ripening. Second, into the di�usion of the whole cluster, also called Smoluchowski
ripening. These di�usion of whole, intact clusters can be further separated into two
mechanisms with di�erent fundamental steps. The movement of the whole cluster as an
ensemble - cluster di�usion. The restructuring and reshaping of the cluster edges and
cluster surface - perimeter di�usion.
These three ripening mechanisms are illustrated on a hypothetic metal support (Fig-

ure 4.1(a-c)). In all three sketches represents the left part the situation before ripening
and the right part the situation after certain ripening have taken place. In all cases is a
start with size-selected clusters shown. This is represented by black circles with identical
diameters. On the right are the di�erences between the ripening mechanisms visible.
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Atom diffusion Cluster diffusionPerimeter diffusion c)b)a)

Figure 4.1: Schematics of the ripening mechanisms. (a) Atom di�usion; (b) Perimeter dif-
fusion; (c) Cluster di�usion; Left panel of each schematic illustrates the situation at the start
of ripening; Right panels show the situation after certain ripening evolved. The directions
indicated by the arrows are just for illustration, the ripening mechanisms are assumed to be
independent according to the directions on the 2D surface, i.e. are isotropic.

These di�erences are intrinsic for these mechanisms and enable to distinguish atom and
perimeter di�usion by the di�erent histogram patterns (Figure 4.2).

4.2.1 Atom di�usion

Atom di�usion, also called Ostwald ripening, is expected to start between the Hüttig
temperature, which represents the onset of mobility at surface atoms and at surface
defects at about 30% of the melting temperature T

m

[K] and the Tammann temper-
ature, being a measure for the bulk mobility of atoms at about 50% of T

m

[K] [122].
This temperature range is the aim of artificial stabilization. But, this is the situation
for single-phase substances. For supported clusters, respectively in general for multi-
phase substances, the cluster-support interaction can extent this temperature range on
the lower and on the upper limit. The chemical potential as described in the Gibbs-
Thomson relation (Equation 4.1) [217–223] is the general driving force. Thereby, µ is
the chemical potential, R is the radius of a specific particle, Œ represents the radius of
the bulk material, “ is the surface free energy of the cluster material and � is the size
of an atom within the bulk of the cluster material.

µ(R) ≠ µ(Œ) = 2“�/R (4.1)

Atom di�usion [198] was fundamentally explained by Lifshitz and Slyozov [199] and
similar by Wagner, who assumed atom attachment and detachment to be slower than
the di�usion [200]. Chakraverty applied it to the field of surface science, by actively
neglecting line tension to the substrate and assuming an isotropic area between nucleus
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and vapor face [201] and got that the interface processes are mostly and the surface
processes only rarely rate determining [201]. Wynblatt and Gjostein showed that the
migration energies for the monomers are about 10% of the adsorption energy [224] and
refined the model of Chakraverty for interface-controlled and surface-controlled di�usion
[225]. Although, they proposed later a strict kinetic control via the monomer di�usion
on the support surface [202], by overestimating especially the decay length of the adatom
concentration. This strict adatom sea model was corrected by others by still assuming
indirectly a high adatom density [203, 204]. Nevertheless, Hansen et al. reported that
this was never shown experimentally [205]. Campbell et al. [206, 207] simulated quasi
a reversed atom di�usion by the dosage of monomers to the support. This way, they
got information about the thermodynamic stability, respectively driving force on various
supports [207]. Thereby, they reported that the rapid change of the coordination number
for small clusters in the low nanometer range induces a larger e�ect on ripening than
expected by the interface-controlled di�usion as described by Wynblatt and Gjostein
[225] and substituted by them for the sake of simplicity (Equation 4.2). This equation
depends in first order on the Gibbs-Thomson relation [217–223] (Equation 4.1). Further-
more, dR/dt is the change of the particle’s radius R with time t and K is a pre-factor,
which includes geometric and material-specific parameters, e.g. the contact angle to the
support [206] and E

tot

is the activation energy to detach a single atom (Equation 4.3).
Thereby, �H

sub

is the metal’s bulk sublimation enthalpy, E
ad,S

is the adsorption energy
of a monomer on the support and E

dif,S

is the activation energy for the monomer dif-
fusion on the support. Finally, k is Boltzmann’s constant, T is the temperature of the
support and Rú is the average radius of all particles within the system.

dR

dt
= K

R

≠ E

tot

kT

· (e
µ(R

ú)≠µ(Œ)
kT ≠ e

µ(R)≠µ(Œ)
kT ) (4.2)

E
tot

= �H
sub

≠ E
ad,S

+ E
dif,S

(4.3)

This work will give further insights on the dependence of atom di�usion on parameters
on the atomic scale.
For the appearance of atom di�usion a single cluster atom needs to be so much activated
that it leaves the cluster, while the cluster needs to be so much immobilized that it does
not move as a whole with the atom. The three components of the atom detachment
energy (Equation 4.3) can be described in more detail and corrected for the specific
properties of clusters.
The first term, the sublimation energy, is for clusters not anymore the bulk value. It
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depends on the coordination number of the cluster atoms. But, it is not increasing lin-
early with the coordination number, due to increasing of the single interactions, leading
to higher energies than assumed by the bulk cohesive energy, for the low coordinated
cluster rim atoms [226]. Therefore, the inter-cluster binding energy is also influenced by
the cluster-support interaction, due to the higher apparent coordination number of the
cluster footprint atoms and herewith also by the lattice mismatch. The second contri-
bution is the improvement of the interaction energy of a monomer to the support. It
depends on the intrinsic strength of these bonds and on the extent of the improvement
of monomer adsorption to the support with respect to the adsorption of the atom to the
support within the cluster.
Third, the surface di�usion energy of a monomer represents the activation energy, which
is required for monomers to di�use from one atom to the other on metal surfaces, respec-
tively on superstructures the energy to enter the next Moiré cell. In the following, these
will be called the local periodic wettability (on the atomic scale) and global periodic
wettability (on the superstructure scale). The energy corresponds for metal atoms on
superstructures to ~25% [75], for metals on metals to ~10% [224, 227] and for metals on
oxides to ~25% [228, 229] of the total adsorption energy.
The improvement of the monomer adsorption can be larger than the energy required for
the surface di�usion, because the latter is the energetic saddle point, for classical sur-
faces as well as for superstructures, but the first could be also close to or on an energetic
maximum, due to its constraint via the other cluster atoms.
Recently, defects were theoretically inserted to o�er di�erent adsorption sites for clus-
ters by Zhdanov et al. [230], assuming interface-controlled atom di�usion and di�erent
cluster-support interactions. This leads to a split of the size-distribution and assumes
that the amount of present monomers is always small compared to the amount of clusters
[231].

4.2.2 Cluster di�usion

Cluster di�usion requires to overcome the activation energy for the cluster migration on
the surface, which is set by the cluster-support interaction and the corrugation. This is
assumed to happen by the activation of internal modes of the cluster parallel to the sur-
face [232, 233]. Further on, the activation energy is influenced by the lattice mismatch
between the cluster and the support and for supported thin films in addition by the
lattice mismatch between the support and the thin film. This leads to local and global
di�usion barriers.
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Cluster di�usion can take place in two ways. Thereby, the cluster’s internal interactions
are important. It was shown that Pd

20

clusters on g/Ru(0001) move as a whole, i.e. an
ensemble of fixed atoms, over the surface [75]. But, also perimeter di�usion can occur,
where a di�using atom migrates on the cluster. Consecutive movements of this kind
may lead to center of mass displacements of the whole clusters [216].
Two major kinds of cluster di�usion are distinguished. First, ballistic movements are
present as long as the friction is dominated by the kinetic energy of the cluster. These
anomalous di�usion processes, e.g. Lèvy flights [234], are random in orientation, but
show a distribution of the average distance of the di�usion steps [234], i.e. the clusters
do not interact the same at every adsorption site. Second, Brownian motion [209–211,
235, 236], i.e. a complete random walk, is favored, if the friction is higher. In this case,
all di�usion steps are of the same length and the distribution of the residence times on
the adsorption sites is distributed according to Boltzmann statistics.
In general, the excitation to a high enough energy state of the cluster, respectively the
cluster-support ensemble, has to be faster than the relaxation to a lower lying state or
the ground state. On the local scale both processes have certain probabilities to occur,
which are based on their Boltzmann distributions. Clusters have very high degrees of
freedom, which are due to the high reduced masses easily to activate, ending in high
activation barriers for the di�usion. Vice versa, blocking of the activation of the degrees
of freedom by certain interactions decreases the friction [237]. But, such studies on the
dissipation of energy, e.g. to address local heat spots, due to ongoing reactions, and en-
tropy e�ects are beyond the scope of this work, which focuses on the activation energies
of ripening processes.
Previous data [75] shows that a smaller footprint, respectively lower adsorption energy,
and herewith smaller activation energy lead to pronounced ripening. The cluster size
is not the crucial parameter, only a�ects indirectly the footprint size, only for flat 2D-
clusters these two parameters coincide. The activation of graphene becomes lower, while
moving away from the most favorable binding sites. Therefore, the adsorption energy
increase is expected to slow down. This e�ect is enhanced by the increase of the coordi-
nation number of the rim atoms in larger clusters. Indeed, according to calculations and
supported by experimental data, the adsorption energy increases by a footprint increase
from 7 to 12 atoms just from 5.22 to 6.27 eV [75]. This is even less than the relative
increase of the rim length from 6 to 9 atoms. This slow increase seems to be co-induced
by the up-building lattice mismatch between cluster and graphene, i.e. the adsorption
energy depends on the lattice mismatches at both interfaces. Further on, the footprint
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size increases gradually during cluster ripening. First theoretical insights how particles
move on superstructures have been shown recently for atoms [238] and very small clus-
ters [239]. Finally, cluster collisions are irreversible, because for particle coalescence the
migration of the particles and not their reshaping after collision is predicted to be the
rate-determining step [225].

4.2.3 Discrimination between atom and cluster di�usion

A major goal is to get information about the apparent ripening mechanism by analysis
of the cluster size distributions. Therefore, the experimental data have to be compared
to the size distributions, which appear for the ripening mechanisms according to calcula-
tions, which are based on Equation 4.4 for the atom di�usion [240] and on Equation 4.6
for the cluster di�usion [214][215][241]. These equations describe the probability P for
the appearance of certain relative diameters. d/dú is the ratio between the specific diam-
eter and the average diameter of all particles on the surface (Equations 4.4, 4.5 and 4.6).
Furthermore, in Equation 4.6 ‡ stands for the standard deviation of the distribution and
A normalizes the integral of the probability to one.

P (d/dú) = 81e(d/dú)2e
1

2(d/d

ú)/3≠1

321/3((d/dú) + 3)7/3(1.5 ≠ (d/dú))11/3

(4.4)

P (d/dú) = 0, if (d/dú) Ø 1.5 (4.5)

P (d/dú) = A

(2fi)1/2ln‡
· e≠ 1

2 (

ln(d/d

ú)
ln‡

)

2 (4.6)

Equation 4.4 shows that from a radii ratio of 1.5 on the probability is zero, whereas
Equation 4.6 represents a log-normal distribution with varying standard deviation. In
Figure 4.6 the deviation is set to 1.5, i.e. this distribution has no sharp borders.
The greatest di�erence of the distributions is the tail to lower diameters for the atom
di�usion, respectively to higher diameters for the cluster di�usion. But, in case of a start
with Poisson distributed cluster sizes as obtained by cluster formation via atomic vapor
deposition, it becomes hard to separate the two distributions, especially by STM, where
the height is the dominant measure and the diameter, which is strongly influenced by the
tip convolution, can only be assumed by correlations. Size-selected clusters enable a start
with monodisperse distribution. Additionally, for size-selected clusters, the observation
of smaller clusters than at the start is a clear proof for atom di�usion, because by cluster
di�usion only larger clusters can form. Therefore, the mechanisms can be disentangled
easily.
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Figure 4.2: Calculated histogram patterns of atom and cluster di�usion. (a) atom di�usion;
(b) cluster di�usion.
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Figure 4.3: Perimeter di�usion as mediator between atom and cluster di�usion.

4.2.4 Cooperative e�ects between the mechanisms

The three ripening processes are to some extent cooperative, respectively depend on
each other. Especially, the perimeter di�usion enables a pre-activation of the cluster
to enhance the other mechanisms by decreasing the coordination number and in the
3D case also the cluster footprint to some extent, leading to a lower thermal stability
in general via the access of additional ripening pathways. Thereby, lower coordinated
perimeter atoms favor atom di�usion and clusters with lower footprints enhance cluster
di�usion.

A Pd
19

cluster with 12 atoms in the bottom layer and 7 atoms in the top layer
(Figure 4.3(1)) can transform by perimeter di�usion in two ways. First, the cluster can
increase its footprint and form low coordinated footprint atoms (2). This favors atom
di�usion by a Pd

18

cluster and a single Pd atom (3), and suppresses cluster di�usion.
Second, the cluster footprint can decrease, e.g. by one atom (4). This facilitates cluster
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di�usion, which is shown by a rotated and shifted cluster (5).

4.2.5 Lattice mismatch and periodical wettability

The lattice mismatch between two compounds at an interface is a phenomenon with
general relevance, mismatches up to several percent enable epitaxial growth, whereas
mismatches of ~10% induce the formation of superstructures. Hence, it influences the
electronic structure and can be used to set a certain reactivity or stability.
The influence of strain on the reactivity was shown by Goodman and co-workers [242]
and was explained by Norskov and co-workers [243]. The lattice mismatch enables the
formation of a corrugated monolayer. Furthermore, this leads to a periodic superstruc-
ture, which o�ers specific sites, which are either well or poorly binding to clusters on top
and which allow to stabilize clusters at the well binding sites. Thereby, some general
aspects of clusters on periodically wettable surfaces have to be taken into account.
Clusters with similar lattice parameters as graphene are able to wet the graphene film.
But, such systems, e.g. 3d-metals [244], show only low thermal stability as shown by
Zhou et al. [245], whereas 4d- or 5d-metals, e.g. Rh [245] and Ru [246] show higher
thermal stability. Also, Sutter et al. showed that the orientation of the graphene on
Ru(0001) is crucial to yield in high thermal stability of the clusters [247]. This supports
the importance of the lattice mismatch at the interface. Furthermore, the intrinsic bind-
ing strength of the support and the cluster material to graphene is important for the
stabilization.
Batzill [38] showed by summing up of several studies that graphene forms just on the late
transition metals and that strongly and weakly interacting metals are existing. Thereby,
one can observe that only the strongly interacting 4d- and 5d-metals, i.e. Ru, Rh and
Re, build up graphene with significant corrugation. Metals with higher d-band filling,
especially Ag and Au do not show any corrugation of graphene, due to their weaker inter-
action, ending in lower thermal stability of the clusters. Thereby, the thermal stability
is expected to depend also on the interaction strength of the cluster material. Indeed,
Sutter et al. observed for a system with Ru clusters, formed by atomic vapor depo-
sition, on graphene on Ru(0001) (abbreviation for such systems from now on M/g/M,
e.g. Ru/g/Ru(0001)) high thermal stability, whereas Zhou et al. showed that the same
deposition technique on the same support ends for Au as cluster material in flat films,
for Co and Pd in rather large clusters and only for Rh in small clusters [245].
This study employs Rh(111) and Ru(0001) as metal supports for graphene, because this
allows to analyze the di�erences between a face centered cubic (fcc) and a hexagonal
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Figure 4.4: Schematics of fcc and hcp metals. Left: fcc metal; Right: hcp metal; Red circles
represent the first metal layer, black circles the second metal layer and blue circles the third
metal layer (covered by the first layer in the hcp case). The white rhombi represent the unit
cells.

close packed (hcp) metal onto the cluster stability. Furthermore, Pd is chosen as clus-
ter material, because it shows an intermediately strong interaction to graphene [38].
Although, this interaction is too low to stabilize atoms [245], it should be enough to
stabilize clusters of a certain size, i.e. formed via cluster deposition, at RT. Further
on, this binding strength is expected to induce an interesting ripening behavior. The
so acquired observations and results could be afterwards extrapolated to some extent to
more weakly or more strongly interacting metals.
Indeed, it was shown by our group that Pd

20

/g/Ru(0001) is stable at RT, while
Pd

12

/g/Ru(0001) [75] shows already significant mobility at RT. The study focuses on
clusters above ten atoms, to be able to skip permanent cooling and to address tem-
peratures in the range of RT and above. Recent calculations [238] on di�using metal
monomers on g/Ru(0001) indicate for Pd an even higher mobility than for Au. But,
calculations of the same group on Rh and Au showed that the monomers behave much
di�erent than dimers and trimers, which show higher mobility in the case of Au, whereas
Au monomers are more stable than Rh monomers [239]. This coincides with the exper-
imental observations for the clusters, supports the requirement of a certain cluster size
for stabilization and indicates a stabilization of the cluster against atom ripening, due
to the lower stabilization of monomers. The two lattice mismatches o�er also a huge
variability to tune the electronic structure and the reactivity of the clusters. Stierle and
co-workers [248] analyzed the strain, i.e. the change of bond lengths, of Ir nanoparti-
cles on g/Ir(111) by x-ray scattering and Zhou et al. [195] showed by calculations that
strained graphene can enhance the catalytic activity of Au by far.
Figure 4.4 presents the di�erent behavior of graphene on hcp metals, like Ru, and on fcc

metals like Rh. Thereby, on hcp metals, the orientation of the graphene unit cell turns

91



4.2. Literature survey on cluster ripening

hcptop topbridge fcc

Figure 4.5: Model of the used Pd
19

/g/Rh(111) system. Left: top-view of g/Rh(111); Right:
side-view of Pd

19

/g/Ru(111) along the red line in the top-view. The red and dark colored
circles represent atoms, which have their centers along the red line. The pale red and grey
circles represent atoms in underlying layers.

by 180¶ at every step edge and the fcc and the hcp sites of the graphene are di�erent,
due to the di�erent orientation of the hcp-metal atoms in the underlying metal layers.
In contrast to this is the Moiré structure always oriented the same on fcc metals and
the fcc and hcp sites of graphene are similar according to the underlying metal sub-
strate. Therefore, the fcc and the hcp sites are expected to show a di�erent behavior on
Ru(0001), while they are expected to behave similar on Rh(111).

Figure 4.5 illustrates Pd
19

/g/Rh(111), being representative for the superstructure-
covered systems. Graphene forms a (12x12) on (11x11) superstructure on Rh(111). It
was shown by our group [76] that Pd

19

clusters adsorb on the hcp and the fcc sites and
not on the bridge sites, which are according to Schaub et al. most strongly interacting
to the substrate.
One of the g/Rh(111) supercells is plotted on the left side of the figure in a top-view,
which indicates the di�erent adsorption sites of the graphene supercell. Thereby,

• B stands for bridge site. In this position is the center of a carbon six-ring located
at the middle between two underlying metal atoms, respectively at the bridge
position between two metal atoms.

• T stands for top site. In this position is the center of a carbon six-ring located at
the top of an underlying metal atom.

• H stands for hcp site. In this position is the center of a carbon six-ring located at
the position of a metal atom, if the metal would be extended by a single layer in
the way of a hcp lattice.

• F stands for fcc site. In this position is the center of a carbon six-ring located at
the position of a metal atom, if the metal would be extended by a single layer in
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the way of a fcc lattice.

Furthermore, both fcc and hcp sites are also named hollow sites.
In contrast to Rh(111), graphene forms on Ru(0001) a (25x25) on (23x23) superstructure
[249]. This huge supercell splits up in four very similar subcells, being similar in size as
on Rh(111). In this case all clusters bind to the fcc sites of graphene. Here, this coincides
with the sites, which are most strongly interacting to the support. Calculations did not
show a stronger interaction of the graphene to the substrate by a pinning through the
cluster [75], whereas Feibelman predicted such processes by calculations on Ir/g/Ir(111)
[73].
For the boron nitride films the following di�erences to graphene are observed on both
Rh(111) and Ru(0001). The di�erences are induced by the di�erent behavior of B and
N. At the ring-hcp site is the film most strongly interacting with the support. This lower
part of the film is called hole (H). This appears relatively large, due to the formation of
dipolar forces, which are formed by the di�erent electronegativity of B and N. Here, the
boron atoms are in fcc position and the nitrogen atoms are in top position according
to the underlying metal [250]. In contrast to this, the film is only loosely bound to the
support at the ring-fcc site, with B at top site and N at hcp site with respect to the
underlying metal [250], or at the ring-top site, with B at hcp site and N at fcc site with
respect to the underlying metal [250]. This elevated areas of the film are called wires
(W).
The side-view (right side of Figure 4.5) sets the focus on the graphene modulation and
on the adsorption geometry of the cluster. Thereby, the graphene is in smallest distance
to the support at the bridge sites and in largest distance at the top sites. The clusters
bind at the fcc and the hcp sites. Here, the cluster is illustrated on the fcc site. In
the case of g/Ru(0001), the carbon atoms, which are strongly binding to the cluster are
shifted to higher positions [75]. A similar behavior is expected for Rh(111). In detail,
the three red atoms in the first layer of the cluster bind strongly to the carbon atoms
underneath. This induces a higher position of the carbon atoms within the graphene
film, indicating a partial sp3 hybridization of the carbon atoms.

4.3 Ripening mechanisms on the local scale
The detailed, local observation of clusters o�ers information about cluster stability and
cluster shape. This enables optimizations of reactivity and selectivity and allows to re-
veal minute changes on the local scale, which a�ect cluster ripening.
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Figure 4.6: Homogeneous cluster distribution, single adsorption site and cluster size discrim-
ination via STM. STM images of Pd clusters soft-landed on g/Ru(0001) at RT: (a) Pd

19

,
(b) Pd

20

(with indicated areas enlarged in (c) and (d)), (e) size-distributed Pd
>15

(radio fre-
quency (rf)-only mode of Pd

20

), and (f) Pd
12

clusters. Dots in (c) and (d) denote the nearest
top sites around each cluster; the 180¶ rotation from one terrace to the next indicate that
exclusively fcc sites are covered. (g) Corresponding height histograms, normalized to relative
frequencies. The images taken on a single terrace are displayed with the color scale indicated
in (g). Image sizes, (a,b,e,f) 165 ·165 nm2; (c,d) 32 ·32 nm2; Imaging conditions, 1.0 V, 0.1 nA.
Reprinted with permission from Bo Wang, Bokwon Yoon, Michael König, Yves Fukamori,
Friedrich Esch, Ueli Heiz and Uzi Landman Nano Letters 2012, 12, 5907 Copyright c•2012
American Chemical Society.

All cluster distributions are homogeneous and show no aggregation at steps (Figure 4.6).
Figure 4.6(a,b) show a typical cluster distribution, which is obtained by soft-landing of
Pd

19

and Pd
20

clusters on g/Ru(0001). A homogeneous distribution is observed without
aggregation at steps, being in striking contrast to the extended aggregation of Pd clus-
ters grown via atomic vapor deposition [245]. The successful soft-landing of the clusters,
i.e. deposition without fragmentation, is deduced directly from the absence of small 1
layer fragments or defects in the graphene film. However, when the kinetic energy of the
clusters is purposefully increased, small mobile fragments and surface defects do appear
(see chapter on Hard landing). A closer examination of the deposited clusters reveals
that adsorption occurs at a highly specific adsorption site (Figure 4.6(c,d)). The site
assignment is referenced by the top sites, which are most protruding from the surface
and for whom the graphene-metal interaction is smallest [91]. Three top sites surround
each cluster symmetrically and the so formed triangles have the same orientation on each
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terrace but are rotated by 180¶ on neighboring terraces. This alternating orientation is
characteristic to hexagonal close-packed crystals such as Ru and it is a manifestation of
the fact that on both terraces the clusters are adsorbed at identical ring-hollow sites. A
closer analysis in the vicinity of graphene steps [192] leads clearly to a fcc adsorption
site assignment. This site specificity is generic, applying also to larger size-distributed
clusters (Figure 4.6(e)) and for size-selected Pd

12

clusters (Figure 4.6(f)) and illustrates
the sensitivity of the cluster binding energy to interactions with atoms as distant as the
second underlying metal layer.
Since the graphene film is well ordered over length scales of hundreds of nanometers,
reliable information can be obtained on both individual clusters and statistics over hun-
dreds of clusters. The histogram of a sample with Pd

>15

clusters (Figure 4.6(g)) exhibits
distinct peaks. These peaks correspond to clusters with di�erent numbers of atomic lay-
ers. The interlayer spacings are found to be ~0.25 nm, i.e. being between the step height
of Pd(111) (0.22 nm) and the typical Pd–Pd bond length in the bulk (0.27 nm). These
heights are employed as reference to assign certain atomic layers to measured heights.
The absence of clusters with 1 layer in height, except for Pd

12

, indicates reliable size
selection and true soft-landing conditions. Notably, the height histogram is found to be
sensitive to the cluster size, as illustrated by a comparison of the Pd

19

and Pd
20

samples.
The 3 layers high isomers are more pronounced for Pd

20

than for Pd
19

. The absence of
1 layer isomers implies that the Pd

19

and Pd
20

clusters maintain a 3D-structure com-
parable to that in the gas phase and avoid wetting of the substrate [55]. Thus, the
cluster–substrate interaction remains by far weaker than the Pd–Pd interaction.
Poisson statistics predict the formation of a certain amount of dimer clusters, even
for a perfectly size-selected cluster deposition process. For the coverages used in here,
i.e. <5% of the Moiré cells filled with clusters, a dimer fraction of <2.4% is expected.
Thereby, it is assumed that the clusters do not show mobility beyond a Moiré cell at the
deposition temperature. Indeed, this is the case for Pd

19

and Pd
20

clusters at RT. There-
fore, the small fraction of 4 layers high clusters in the respective images is attributed to
dimers, which are formed during deposition. For small clusters as Pd

12

(Figure 4.6(f)),
where a height of 1 or 2 layers in height is expected, the appearance of a considerable
fraction of 3 layers high clusters is assigned to cluster mobility among several Moiré
cells that leads to coalescence. This mobility is reflected in the streaky appearance of
the Pd

12

clusters in general, and is occasionally observed in di�usion traces as cluster
chains (Figure 4.6(f) and Figure 4.7(f)) caused by displacement of clusters in front of the
tip. While it may be possible that the tip facilitates certain elementary cluster di�usion
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Figure 4.7: Cluster isomerism and its influence on the cluster mobility. (a,b) Subsequent
STM images of Pd

20

clusters (�t = ~1 min); (c) Height profiles taken along line I (in a) and
II (in b); (d,e) Isomer-dependent di�usion of Pd

12

clusters under scanning conditions at RT
(�t = ~20 min). All observed trajectories are indicated in (d); (f) Pd

12

di�using along several
fcc sites. Same color scale as in Figure 4.6(g). Image sizes, (a,b) 30 · 21 nm2; (d,e) 41 · 31 nm2;
(f) 19 · 14 nm2; Imaging conditions, 1.0 V, 100 pA. Reprinted with permission from Bo Wang,
Bokwon Yoon, Michael König, Yves Fukamori, Friedrich Esch, Ueli Heiz, and Uzi Landman
Nano Letters 2012, 12, 5907 Copyright c•2012 American Chemical Society.

steps, the cluster height distributions do not change significantly upon repeated scan-
ning over the same area. This allows to conclude that the recorded height distributions
portray the intrinsic relative stabilities of the clusters, reflecting the isomer distributions
for each cluster size.

Figure 4.7(a) and (b) show subsequent STM images of Pd
20

clusters (�t = ~1 min).
These data reveal a cluster isomerization event with an irreversible height change from
3 to 2 layers in height, as indicated in the height profiles in Figure 4.7(c), taken along
line I (in a) and II (in b). Figure 4.7(d) and (e) present an isomer dependent di�usion of
Pd

12

clusters under scanning conditions at RT (�t = ~20 min). All observed trajectories
are indicated in Figure 4.7(d). They do not have a preferential direction. Thus, they
are not dictated by the scanning direction, even if a tip induced enhancement of the
di�usion can be not completely excluded. The 2 layers high isomers, i.e. the clusters
with smaller footprint, show higher mobility. Pd

12

clusters can be manipulated by a
strongly interacting STM tip, i.e. with a small tip–sample distance, leading to a path
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4.3. Ripening mechanisms on the local scale

that connects fcc sites (Figure 4.7(f)).
A primary manifestation of isomerism is the occurrence of interconversions between dif-
ferent isomers for Pd

20

(Figure 4.7(a,b)). The two subsequent STM images are part of a
sequence acquired during a 30 min interval. Cluster isomerization from a 3 layers to a 2
layers high structure can be recognized in the images and the corresponding line profiles.
The reversed process is not observed, suggesting that the 2 layers isomers are energeti-
cally more stable than the 3 layers ones. This is in agreement with DFT calculations,
which showed that the 2 layers high conformation is about 0.5 eV more stable than the
3 layers high one [75]. Therefore, according to Boltzmann statistics [251] almost exclu-
sively 2 layers high clusters should form. This proofs indirectly that soft-landing has less
influence on the clusters than the binding energy to the support or the present thermal
energy, because the free Pd

20

clusters in the gas phase are expected to be spherical and
therefore about 4 layers high. At the deposition the kinetic energy of the clusters is then
that low that the kinetic barrier to form 3 layers high clusters is overcome, but many
clusters do not overcome the barrier to 2 layers high clusters, which is afterwards at RT
observed as transition.
Taller clusters map larger tip circumferences. Therefore, they appear in the STM images
larger than they really are. This can be for example observed by the 1 layer and 2 layers
high Pd

12

clusters (Figure 4.7(d,e)).
While Pd

20

clusters do not di�use at RT, this is changing drastically for smaller clusters
(Figure 4.7(d,e)). In these images, two types of Pd

12

isomers, one with 1 layer height
and the other with 2 layers in height, can be identified. Their RT mobilities have been
investigated in a time series, taken under the same conditions as for the Pd

20

clusters.
It is apparent that the cluster mobility correlates with the height of the cluster, almost
exclusively, 2 layers high isomers are mobile. This is indicated by di�usion traces drawn
in Figure 4.7(d). Since the number of atoms in each of these isomers is the same, the 2
layers high clusters have a smaller footprint, i.e. less atoms are in direct contact with the
substrate. This appears to be the crucial parameter that governs the di�erent dynamic
properties of the isomers. A footprint of 12 atoms stabilizes the clusters su�ciently,
anchors them to the substrate and turns them e�ectively immobile at RT, at least on
a time scale of 30 min. This leads to the assumption that larger clusters, for example
Pd

19

and Pd
20

, which are also found to be immobile at RT, should have also footprints
of at least 12 atoms. Indeed, this assumption is proven by DFT calculations [75].
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4.3. Ripening mechanisms on the local scale

a) 7:11 h b) 12:36 h c) 13:42 h d) 15:24 h

e) 15:30 h f) 15:36 h g) 15:42 h h) 16:00 h

Figure 4.8: Ripening processes of Pd
19

on g/Rh(111) at 323 K. Image sizes, 34 · 34 nm2;
Imaging conditions, -1.0 V, 1 pA.

4.3.1 Local ripening processes of Pd19/g/Rh(111)

In order to get a closer insight on isomerization and di�usion of size-selected clusters,
these processes are studied at various temperatures and for long time spans at the same
areas.
Figure 4.8 shows the ripening processes of Pd clusters on g/Rh(111). A comparison of

Figure 4.8(a) and Figure 4.8(h), i.e. the start and the end of the observed ripening sce-
nario, shows several changes (for height profiles of representative species see Figure 4.10).
All clusters are marked systematically to highlight these changes (Figure 4.9). Thereby,
the coding is manifold and includes the cluster size by colors and its morphology by
geometric figures.

First, Pd
19

clusters are marked white, Pd
38

blue and Pd
57

red. Second, solid rings
mark stable clusters, dashed rings fuzzy clusters, thin lined rings low (2 layers high)
clusters, thick lined rings high (3 layers high) clusters and hexagons clusters with more
trigonal or hexagonal than round shape. Furthermore, white arrows indicate cluster
di�usion and cluster coalescence and the dashed white arrow indicates several di�usion
steps of the formed Pd

38

. These steps are shown via grey circles in Figure 4.9(h). They
represent intermediate positions of the clusters, while empty grey circles indicate the
initial positions of clusters, which merged with others. Finally, white circles represent
the initial positions of clusters, which di�used without merging.
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4.3. Ripening mechanisms on the local scale

a) 7:11 h b) 12:36 h c) 13:42 h d) 15:24 h

e) 15:30 h f) 15:36 h g) 15:42 h h) 16:00 h

Figure 4.9: Evaluation of ripening processes of Pd
19

clusters on g/Rh(111) at 323 K. Image
sizes, 34 · 34 nm2; Imaging conditions, -1.0 V, 1 pA.

With this coding the images can be analyzed in detail. The flatter state of Pd
19

, 2
atomic layers high, is more often showing up [76]. The height changes of the clusters are
up to 0.2 nm, indicating that 1 additional Pd layer is forming. This is in contrast to the
thermodynamic driving force to 2 layers high clusters as described for Pd

20

/g/Ru(0001)
(Figure 4.7) and [75]). For the fuzzy clusters these changes are very fast, indicating that
single Pd atoms may be present in this additional layer. For the stable appearing Pd
clusters, these changes stay for minutes, indicating an extended additional, 3rd, atomic
layer.
Furthermore, reshaping and slight lateral oscillations of the clusters within the supercell
indicate the di�usion of atoms along the cluster perimeter. The atom mobility at the
cluster surface and especially at its perimeter is assumed to induce lower coordinated
atoms or changes of the footprint of the cluster. These changes seem to trigger the clus-
ter di�usion. This is nicely observable in Figure 4.9(d) and Figure 4.9(e) at the cluster
marked with a white hexagon. First, the Pd cluster becomes quite triangular and rotates
than by 120¶. This rotation could be a movement of the cluster as fixed ensemble or of
several atoms within the cluster. These two processes cannot be distinguished directly.
But, the larger clusters show higher occurrence of reshaping, likely due to the lower
changes in coordination number, which are required to migrate on the smoother cluster
surface. In contrast to this, ensemble behavior is expected to be suppressed for larger
Pd clusters, due to their larger footprint and stronger interaction with the graphene
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4.3. Ripening mechanisms on the local scale

support. Furthermore, merged clusters show directly after collision their final diame-
ters. This indicates very fast reshaping of the clusters via the di�usion of atoms along
the cluster perimeter and cluster surface. These processes seem to be the fundamental
processes of the observed cluster reshaping and fuzziness.
In principal, di�usion has to be reversible [212]. But, cluster collisions, which appear
via random walk of the clusters on the surface, are irreversible, due to the loss of the
geometry of the two participating clusters, i.e. of the cluster building blocks and due
to the thermodynamic driving force of these processes. It was shown that for particle
coalescence the migration of the particles and not their reshaping after collision is the
rate-determining step [225]. Furthermore, clusters of increasing size show increasing
adsorption energy modulation, due to their increasing footprints, ending in increasing
immobility. Thereby, the footprint of 3D-clusters increases rather slowly. DFT calcula-
tions by the collaborators U. Landman and B. Yoon show that the Pd

38

conformation
with the lowest energy has a footprint of 13 atoms, whereas Pd

19

has a footprint of 10
atoms. Nevertheless, it seems to be possible that specific geometries of Pd

38

show higher
di�usivity than most of the Pd

19

clusters, as indicated by the enhanced di�usion of Pd
38

after merging of two Pd
19

clusters.
For the regions with high cluster density the cluster movements are preferentially steered
to the next cluster containing Moiré cell (Figure 4.9 and Figure 4.10). Therefore, neigh-
boring clusters seem to lower the di�usion barrier. This can be induced by a pinning of
the film to the supporting metal as shown in an extreme case for Ir/g/Ir(111) [73]. This
e�ect seems also to explain another observation. The clusters are adsorbed on both,
fcc and hcp sites. But, two clusters are never observed in two directly adjacent fcc and
hcp sites, i.e. located in one single supercell. It is assumed that the pinning of the
graphene ends in a strong reduction of the di�usion barrier to the directly adjacent hcp,
respectively fcc site, yielding in a quick merging of two clusters in such constellations.
Also, the immobile clusters grew by merging with the mobile ones. Except, if the merged,
larger cluster is still more mobile (Figure 4.9), then it sucks up the immobile cluster.
But, this latter case seems to be often linked to chemical activation [252], i.e. the bind-
ing energy gets reduced by an adsorbate.
The observations of the cluster di�usion behavior of Pd

19

/g/Rh(111) in Figure 4.9, oc-
curring in single steps between each Moiré cell, separated by time scales of minutes
and hours and the di�usion behavior of Pd

12

/g/Ru(0001), appearing in steps of various
length, at least at the observed time scales, correspond to observations of anomalous
di�usion [237].
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Figure 4.10: Close-up on cluster di�usion and coalescence of Pd
19

/g/Rh(111) at 323 K. Five
Pd

19

clusters (a) transform gradually to one Pd
38

and one Pd
57

cluster (e), all significant
intermediate steps are shown (a-e) and the height profiles of all imaged clusters are displayed
(f). Pd

19

is indicated in white, Pd
38

in blue, Pd
57

in red; Image sizes, 9 · 11 nm2; Imaging
conditions, -1.0 V, 1 pA; Time steps, (a,b) 84 min, (b,c) 288 min, (c,d) 12 min, (d,e) 24 min.

There seems to be an increased propensity for particles, which did already a di�usion
step, to do another step. This could be induced by the following e�ect, which needs to
be proven by further measurements. After a di�usion step, the according cluster might
recover locally the optimized orientation, but on superstructures not globally, if the fric-
tion is too large. Furthermore, this e�ect can be enhanced by the modulated activation
of graphene. The cluster approaches for example the most favored spot, but becomes
strongly bound already one or several atoms away from the center of the according hol-
low site. From this site it can either move to the center of the hollow site, but with
some probability also move further onwards with a lower activation barrier than from
the global minimum. Furthermore, changes of the cluster geometry or cluster adsorbates
can be influencing, yielding in a lower cluster-support interaction and herewith enhanced
mobility.
Figure 4.10 shows close-ups of the lower right area of the images displayed in Figure 4.9.

The series focuses on shorter time steps and on the agglomeration, i.e. the processes
between the images in Figure 4.9(a) and (b) in detail. The small white dots indicate the
ring-top sites of the graphene superstructure and the larger color-coded dots indicate
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the highest points of the Pd clusters. All clusters are always bound at the ring-hcp or
ring-fcc site. The image series shows the ripening of the clusters via the formation of
Pd

38

(blue marks) and Pd
57

(red marks). Furthermore, in Figure 4.10(c) the Pd cluster
on the upper left, moved slightly away from the ring-fcc site and appears triangularly
restructured, indicating the occurrence of rim di�usion (reshaping of the cluster edges).
Also the formed Pd

57

appears quite triangular. Figure 4.10(f) shows that Pd
19

(white)
is 0.5 to 0.6 nm, 2 atomic layers, high. Pd

38

(blue marks) and Pd
57

(red marks) are
about 0.8 nm, 3 atomic layers, high. Moreover, Pd

57

shows an about 0.6 nm and Pd
38

an
about 0.3 nm larger diameter than Pd

19

. This indicates a larger footprint and coincides
with the already mentioned DFT calculations, which predict a footprint of 10 atoms for
Pd

19

and of 13 atoms for Pd
38

.

4.3.2 Local ripening processes of Pd19/Rh(111)

Atom di�usion is hard to observe in situ on superstructures, due to the rather small
e�ects on the cluster size or height by losing single atoms. An extreme case of atom dif-
fusion will be present, in case of a strong interaction between cluster and support, e.g. if
the cluster and the support are metals with similar lattice constants. Therefore, studies
of Pd

19

on Rh(111) were employed to reduce the complexity and to enable disentangling
of ripening and isomerization. There, only 1 atomic layer high clusters, i.e. 2D-clusters,
form and a loss of atoms results in a direct loss of cluster area (Figure 4.17(a)). Fur-
thermore, the tip convolution is less pronounced, due to the lower cluster height. The
discussion of the data, which was acquired at RT (Figure 4.11) focuses on the cluster
marked with the red circle, the statistical ripening behavior was published elsewhere
[76] and will be discussed in detail in the PhD thesis of Yves Fukamori (Technische
Universität München, 85748 Garching, Germany).
About 4 hours after deposition (Figure 4.11(a)) the clusters appear fairly monodisperse,
indicating that most are still Pd

19

. The large Pd clusters are about 280 pm high. Af-
ter about 34 hours (Figure 4.11(b)), the first intermittent, ensemble-like movement of
the center of mass of the cluster occurs. Up to there, only minor restructuring of the
cluster rim and slight cluster shrinking have taken place. The next measured image just
4 minutes later (Figure 4.11(c)) shows a fast atom loss at the upper part of the marked
cluster. This seems to be an intermittent removal of a cluster facet to about Pd

13

. This
is followed by further shrinkage of the cluster after almost 41 hours (Figure 4.11(d))
to about Pd

10

. After 44 hours (Figure 4.11(e)), the cluster lost again several atoms to
about Pd

8

, leading to increasing di�usivity. The cluster reshapes and shrinks during
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a) 4:03 h

h) 47:03 hg) 46:09 hf) 45:06 he) 43:52 h

d) 40:39 hc) 34:08 hb) 34:04 h

Figure 4.11: Cluster ripening of Pd
19

/Rh(111) - size dependent rate constant crossover be-
tween apparent ripening mechanisms. The red circle indicates the position of the most strongly
changing cluster. The time after deposition is indicated within the images. Image sizes,
25 · 25 nm2; Imaging conditions, 1.0 V, 0.08 nA.

the intermediate, not shown images, up to the location of the cluster in the next image.
Hereby, the cluster might have also rotated as an ensemble. In the next image, i.e. at
45:06 h (Figure 4.11(f)), the cluster, now about Pd

6

, is about 170 pm high. This induces
a further increase of mobility of the center of mass, which is indicated by the red arrows,
which represent the intermediate steps until the next shown image. This di�usion is
influenced by an adsorbate and shows also very fast restructuring and or rotation of the
cluster. After 46 hours (Figure 4.11(g)) the cluster is observed for the last time. After
47 hours it is gone (Figure 4.11(h)). Also, on a scale of 150 · 150 nm2, with the observed
area in the center, the particle does not show up (Figure 4.12). But, the larger cluster
positioned above the small cluster’s last position looks di�erent. This indicates merging
of the small cluster with this one.
At the end of the image series, large scale images were taken to improve statistics (Fig-

ure 4.12). By this, similar cluster sizes as on the small scale were obtained, indicating
intermittent shrinking and growth. The surface concentrations of the single species seem
to correspond to their lifetimes on the surface. Also, some very small clusters are quasi
adjunct to large ones. This observation is in contrast to the indirectly observed merging
event (Figure 4.11) and indicates an adsorbate induced stabilization.
To sum up, the strong interaction to the support ends in the presence of atom di�usion
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down to rather small clusters. The ripening by atom di�usion appears intermittent,
i.e. clusters lose atoms within a single image, while others remain stable for hours, and
self-accelerated, because the ripening speeds up by the formation of smaller and smaller
clusters, which have on average lower coordination numbers of the perimeter atoms. The
shrinking seems to take place via a concerted detachment of single atoms ending in the
loss of a complete cluster facet. The cluster has to shrink to about 10 atoms to show
some, respectively to about 6 atoms to show extended cluster di�usion.

4.4 Ripening mechanisms on the integral scale -
Support dependence

The motivation to do the annealing experiments is twofold. First, to reveal the ripening
mechanisms, which set the cluster stability. Second, to show the cluster size, the support
and the cluster morphology dependence of the ripening mechanisms.
The ripening temperatures were applied stepwise. The analysis by STM at RT was done
directly after deposition of size-selected Pd

19

clusters. In between the annealing steps
the sample was always cooled down to RT and analyzed via STM. The target tempera-
ture was applied for 3 minutes and the heating and cooling rate was about 4 K/s. For
the coverages, errors of 20% are assumed, due to the shape and the intensity distribution
of the cluster beam profile, which are observed by STM.
STM image series on six di�erent supports are displayed in Figure 4.13. The impres-
sions, which one can get by a quick grasp of the images, e.g. the fact that on some
supports the clusters appear fairly homogeneous up to elevated temperatures, whereas
on other supports smaller and larger clusters start to form already at 400 K, can be
evaluated statistically by the use of height histograms and by precise analysis of the
cluster coverages.
These data, i.e. the according cluster height distributions and the courses of the cluster
coverages, present pronounced di�erences for the di�erent supports (Figure 4.15). Via
their di�erent apparent ripening patterns, i.e. their height and coverage changes, one
can assign them to certain ripening mechanisms (Figure 4.2) [214, 215, 225, 240, 253].
Additionally, the observation of smaller clusters is a clear proof for atom di�usion in the
case of a start with size-selected clusters.

In Figure 4.15(a) at the start of the ripening series at 300 K, about 2/3 of the Pd
19

clusters on g/Rh(111) are 0.5 nm and 1/3 of the clusters are 0.8 nm high (This image
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a) 46:37 h b) 47:03 h

c) 47:29 h d) 47:54 h

Figure 4.12: Cluster ripening of Pd
19

/Rh(111). The small rectangles indicate the areas
with ripening events. The dashed rectangle represents the area of Figure 4.11. Image sizes,
150 · 150 nm2; Imaging conditions, 1.0 V, 0.08 nA.
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c) 300 K 400 K 500 K 600 K 700 K 800 K

b) 300 K 400 K 500 K 600 K 700 K 800 K

d) 300 K 500 K 700 K 800 K

a) 300 K 400 K 500 K 600 K 700 K
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Figure 4.13: Pd
19

on various supports - stability on graphene, h-BN and TiO
2

. (a)
g/Rh(111); (b) g/Ru(0001); (c) h-BN/Rh(111); (d) h-BN/Ru(0001); (e) TiO

2

(110); (f) hy-
drated TiO

2

(110); The height scale is applied to all images, except of the images on TiO
2

, due
to its high step edge density. Image sizes, 100 · 100 nm2; Imaging conditions, (a) 0.5 V, 1 pA;
(b) 300 K, -0.8 V, 1 pA; 400-800 K, -0.4 V, 1 pA; (c) 300 K, 0.5 V, 1 pA; 400-800 K, -0.6 V,
1 pA; (d) 300 K, 0.4 V, 1 pA; 500, 700 and 800 K, -0.4 V, 1 pA; (e) 300, 500 and 750 K, 1.2 V,
21 pA; 650 and 700 K, 1.2 V, 11 pA; (f) 300 K, 1.4 V, 100 pA; 513 K, 1.4 V, 50 pA; 700 K,
1.4 V, 10 pA.
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series was published already elsewhere [76] and will be discussed in detail in the PhD
thesis of Yves Fukamori (Technische Universität München, 85748 Garching, Germany).
Here, this image series is used to compare to the other supports.). This corresponds to
2 and 3 atomic layers in height. By increasing the annealing temperature, the height
increases steadily. The height distribution broadens up to a pattern of 4 to 9 layer high
clusters after annealing to 700 K. Hereby, the coverage decreases exponentially with the
applied temperature to ~1/13 of the starting value after annealing to 700 K. Vice versa,
the average cluster size increases by a factor of 13, i.e. to about 260 atoms/cluster,
because the amount of atoms per surface area stays constant via annealing. Further-
more, clusters of the double size, which can pass the quadrupole mass selection due to
a double-ionization, are due to the almost complete absence of intermediate peaks, i.e.
the half mass of odd numbered clusters, below 2% in abundance and the amount of two
landing events at the same Moiré cell can be calculated via the observed coverage and
Poisson statistics.
After annealing to the intermediate temperature of 500 K this ends in Pd

68

on average.
All these data indicate the presence of cluster di�usion.
For g/Ru(0001) presented in Figure 4.15(b) the clusters are at 300 K 2 and 3 atomic
layers high. By annealing to 400 K this pattern stays the same. But, it is shifted by
about 0.05 nm to lower values. This could be induced by a change of the electronic
structure of the tip. Also, the access of equilibrium conformations, which adjust better
to the support than the ones obtained after deposition of the clusters can appear. After
annealing to 500 K and 600 K the cluster heights increase slightly to 3 and 4 layers in
height. After annealing to 700 K and 800 K a broad distribution from one up to 7 layers
high clusters appears. But, almost no clusters with less than 3 atomic layers in height
are present, indicating that for clusters smaller or in the range of Pd

19

, cluster di�usion
takes place at elevated temperatures. The coverage stays up to 500 K annealing tem-
perature fairly constant and decreases to ~1/3 after annealing to 700 K.
Besides graphene supports, also the influence of h-BN supports is analyzed. In Fig-
ure 4.15(c) the clusters on h-BN/Rh(111) are at 300 K 2 and 3 atomic layers high.
After annealing to 400 K the pattern stays pretty much the same, but shifted by about
0.05 nm to lower heights. This could be induced by the bias shift from 0.5 V at 300 K
to -0.6 V after annealing to the other temperatures or by a change of the electronic
structure of the tip. These possibilities underline the importance of the application of
the same tunneling conditions at all di�erent temperatures, as done for all other ripening
series. Furthermore, always large scale images are taken to achieve good statistics and
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all images are acquired at slow scanning velocities to minimize tip-sample interactions
and to suppress tip changes. In contrast to this, shifting to lower heights by access to
cluster conformations, which adjust better to the support than the ones obtained after
deposition of the clusters is excluded, because in this case one would expect at RT at
least some occurrence of the clusters with lower heights. The patterns acquired after
annealing to 500 K and 600 K show just very few larger species, probably formed by rare
coarsening of clusters via cluster di�usion, whereas after annealing to 700 K a broaden-
ing of the cluster height distribution sets in. Finally, after annealing to 800 K a broad
distribution from 1 to 5 layers in height becomes present. These observations indicate
a stronger cluster-support interaction than on the graphene supports. Moreover, the
cluster coverages of the surface stay fairly constant over all applied temperatures. All
these observations point to a dominance of atom di�usion.
In Figure 4.15(d) the clusters on h-BN/Ru(0001) are at 300 K and after annealing to
500 K mostly 2 atomic layers high. After annealing to 700 K most clusters are still 2
layers high. But, also some clusters with 1, 3 or 4 layers in height show up. This trend
becomes much stronger after annealing to 800 K. Thereby, the huge amount of 1 layer
high clusters is likely induced by the presence of defects. These are characteristics of
strict atom di�usion. Therefore, this support is likely the most strongly interacting of
the four di�erent superstructure-covered support systems.
The clusters are at 300 K exclusively adsorbed on fcc and hcp sites of g/Rh(111) (Fig-
ure 4.15(a)), on fcc sites of g/Ru(0001) (Figure 4.15(b)) and on the hole areas, i.e. the
low regions of the superstructure, of h-BN/Rh(111) (Figure 4.15(c)) and h-BN/Ru(0001)
(Figure 4.15(d)). A exact monitoring of the shift or the consistence of these adsorption
behavior is displayed in the next chapter. The deposition of clusters is also done on
oxides, i.e. on classical support materials in catalysis, to transfer and to compare the
insights on the ripening processes, which have been acquired on the very well-defined
graphene and h-BN supports. In detail, size-selected Pd

19

clusters are deposited on
TiO

2

, because it is a very well studied oxidic system [254] and the binding of Au clusters
was already shown on this support [54]. Matthey et al. studied the binding behavior of
Au clusters on oxidized, reduced and hydrated TiO

2

(110) and observed and explained
the di�erent stabilities (Figure 4.14). Thereby, the left panel shows the di�erent ripening
behaviors of Au clusters, on reduced, hydrated and oxidized TiO

2

(110). The right panel
illustrates the binding of the clusters on a reduced and an oxidized TiO

2

(110) support
and compares the STM images with models acquired via DFT calculations.
The high step edge density of TiO

2

(110) (Figure 4.13(e) and (f)) can hardly be improved
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Figure 4.14: Adsorption behavior of metal clusters on TiO
2

upon the oxidation and hydration
state. Left panel: Image sizes, (a-f) 13 · 13 nm2; (g-i) 35 · 35 nm2; Imaging conditions, 1.2 V,
<0.1 nA; Right panel: Red circles indicate O atoms, grey circles indicate Ti atoms; Image
sizes, 4 · 4 nm2; Imaging conditions, 1.2 V, <0.1 nA; From D. Matthey, J. G. Wang, S. Wendt,
J. Matthiesen, R. Schaub, E. Laegsgaard, B. Hammer, F. Besenbacher, Science, 2007, 315,
1692-1696. Reprinted with permission from AAAS.

.

by annealing, due to the irreversability of the oxygen defect density and the accompa-
nied loss of the desired properties by annealing at higher temperatures, e.g. at 1100 K
[255]. This may induce some precision loss in the height statistics.

For Figure 4.15(e) with TiO
2

(110) as support most clusters are at 300 K and after
annealing to 500 K 2 atomic layers high and the coverage stays almost constant. The
maximum of the height distribution shifts to 3 layers height after annealing to 650 K,
to 4 layers after annealing to 700 K and to 5 layers after annealing to 750 K. Except
of the formation of 1 layer high clusters, the distribution is just slightly widening up,
after annealing to 750 K are almost no 2 layers high clusters and only a few 3 layers
high clusters present. Furthermore, the coverage decreases from annealing to 500 K on
exponentially with temperature.
These observations give rise to cluster di�usion, likely on the TiO

2

(110) terraces, and
only for a minor extent, likely at surface defects, to atom di�usion. This seems to be
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based on two e�ects. First, the cluster di�usion is suppressed by the stronger interac-
tion to the defect. Second, after the cluster has reached the defect via cluster di�usion,
it gets most likely immobilized with a part of its perimeter to the defect. The defect
gets then likely saturated with one or several cluster atoms and the cluster di�uses fur-
ther away or atom di�usion gets facilitated in general. This is supported by data from
Jak et al. [256], who claim cluster di�usion, and who observe a higher concentration
of small clusters than expected for pure cluster di�usion, whereas Howard et al. [257]
claim atom di�usion. This contradiction is likely a�ected by the defect density [230].
Usage of size selected clusters enables an improved disentangling of atom and cluster
di�usion, because already a small amount of smaller species is an indication for atom
di�usion. Aggregation of clusters at step edges for TiO

2

(110) implies that di�usion is
there suppressed via the stronger interaction to the support. This is in line with Jak et
al. [256] and also with general predictions [225].
The clusters are on the hydrated form of TiO

2

(110) (Figure 4.15(f)), in contrast to the
more defect-rich TiO

2

(Figure 4.15(e)), already ripened after annealing to 500 K. The
decrease in coverage and the shift to higher clusters clearly indicates cluster ripening.
This coincides with data from Matthey et al. [54] showing that Au clusters are less
stable on hydrated surfaces (Figure 4.14). The amount of smaller species at higher tem-
peratures is slightly lower, indicating that the defect concentration, is correlating with
the extent of atom di�usion.
For all ripening series, the height distributions of the clusters do not become narrower
after annealing. Therefore, the annealing has probably no e�ect on the lattice structure
of the clusters.
Figure 4.16 presents data of another ripening series of Pd

19

/g/Rh(111) as the one shown
above (Figure 4.15(a) and Figure 4.13(a)). The images after annealing to 700 K, 750 K
and 800 K show two interesting features. First, the height distribution after annealing
to 700 K (Figure 4.16(a)) is similar like shown before (Figure 4.13 and Figure 4.15).
But, in the image a higher step edge density is present and on the right of the middle
terrace is also bilayer graphene [258, 259] present. At the step edges and at the rim of
the bilayer graphene are several clusters adjunct. This indicates an increased immobi-
lization at these sites. After annealing to 750 K (Figure 4.16(b)), the height distribution
shifts to higher values and the coverage decreases to ~1/2 of the starting value.
The second interesting feature is observed after annealing to 800 K (Figure 4.16(c)).
Here, the height distribution widens up and shows also several 1 and 2 layers high clus-
ters and the coverage increases within the errors compared to the coverage at 750 K.
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Figure 4.15: Histograms: Statistical representation of the ripening behavior of Pd
19

on var-
ious supports. (a) g/Rh(111); (b) g/Ru(0001); (c) h-BN/Rh(111); (d) h-BN/Ru(0001); (e)
TiO

2

(110); (f) hydrated TiO
2

(110); The red bars represent the cluster coverages with respect
to the upper scale (the error bars correspond to errors of 20%); the black histograms represent
the cluster height distribution with respect to the bottom scale; the numbered dashed lines
indicate the atomic layers.
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Figure 4.16: Annealing series of Pd
19

on g/Rh(111). Cluster coverages, 700 K,
0.0018 cluster/nm2; 750 K, 0.0008 cluster/nm2; 800 K, 0.0009 cluster/nm2; Image sizes,
100 · 100 nm2; Imaging conditions, -0.5 V, 1 pA.

Also, two small species can be observed in the plotted image (the real image is 12 times
larger) (Figure 4.16). These observations are clear indications for the presence of atom
di�usion.
Furthermore, gentle analysis reveals several defects on the graphene. This seems to
induce atom di�usion, which is not observed after annealing to 750 K. According to
the Hüttig temperature, atom di�usion must be present at 750 K, but the defect-free
graphene does not stabilize the small forming species. Therefore, the cluster di�usion is
by far dominating and is the only apparent mechanism. The annealing parameters, e.g.
variations of the temperature ramp, are assumed to be of minor or negligible influence,
because the annealing was done always in a similar way.
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Figure 4.17: Ripening mechanisms and their cluster size and support dependent shifts. (a)
Illustration of a flat cluster on a metal surface with the same lattice mismatch; the blue atoms
represent a cluster with 7 atoms, while the whole cluster owns 19 atoms; (b) Sketch of the
course of the activation energies of the various ripening mechanisms with cluster size; solid lines
represent the situation on metal supports; dashed lines represent the situation on periodically-
wettable supports; N stands for the amount of atoms within a cluster; the long red arrows
indicate the influence of the lower monomer stabilization on the atom di�usion; the short red
arrow at large cluster sizes indicates the additional contribution of the increasing coordination
number of the cluster perimeter atoms within the cluster.

4.5 Ripening mechanism shifts - Dependence on
support and cluster size

The cluster size dependent shift between the dominance of atom and cluster di�usion is
induced by various underlying parameters, which will be unraveled in the following. Also,
the influence of the various supports will be discussed. Phenomenologically speaking,
Ostwald ripening is observed as atom di�usion and Smoluchowski ripening is observed as
cluster di�usion and, a bit speculative, by perimeter di�usion. Note that single cluster
di�usion steps lead immediately to center of mass motions of the clusters, while a lot of
perimeter di�usion steps would be required. The three ripening mechanisms have each
one crucial parameter. These parameters define in first order the activation energies of
a fundamental ripening step. These are

• The cohesive energy modulation of an atom via detachment from the cluster for
the atom di�usion.

• The modulation of the cohesive energy, when moving across the cluster surface for
the perimeter di�usion.
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4.5. Ripening mechanism shifts - Dependence on support and cluster size

• The modulation of the cluster-support interaction energy for the cluster di�usion.

Therefore, the three energy di�erences depend in first order on these scalable parame-
ters. The coordination number of the least bound cluster atom for the atom di�usion,
the least coordination number change of a cluster atom for the perimeter di�usion and
the cluster footprint to the support for the cluster di�usion. The non-scalable parame-
ters, i.e. electronic e�ects like the saturation of bonds via enhanced coordination, edge
e�ects and so on, can be not addressed by this simplifying approach. Nevertheless, this
illustrates the general behavior of these mechanisms and the trends according to the
di�erent cluster size regimes.
Pd

19

on a schematic metal surface (Figure 4.17(a)) has perimeter atoms with three-
fold and fourfold coordination within the cluster plane. The blue dots indicate a Pd

7

cluster. In this cluster all perimeter atoms are threefold coordinated within the clus-
ter plane. For a Pd

8

cluster one atom would be likely twofold coordinated and from
Pd

6

down to Pd
3

for all clusters some twofold coordinated perimeter atoms should be
present. These observations indicate that the activation energy for atom di�usion de-
creases very slowly with cluster size. This behavior is schematically shown by the solid
lines in Figure 4.17(b). Hereby, the red line represents the atom di�usion, the blue line
the perimeter and the black line the cluster di�usion.
The activation energies are especially in the size region of only a few atoms strongly
a�ected by the electronic structure and are therefore non-scalable with size. Further-
more, quantized levels of these energies, which emerge due to the stepwise increase of the
coordination number within the cluster plane or of the cluster footprint, are neglected
in this representation. Nevertheless, the sketch (Figure 4.17(b)) illustrates the general,
i.e. scalable, trend of the required activation energies. The solid lines represent the situ-
ation on metal supports. The activation energy of cluster di�usion on metal supports is
assumed to increase strictly linear with size, because on metals are flat clusters present.
Therefore, the footprint and the cluster-support interaction increases linearly with the
cluster size. Further e�ects, e.g. stronger binding of the perimeter atoms, are neglected
in this illustration. The atom di�usion increases much slower from its high starting level,
due to the very slowly increasing coordination number. The perimeter di�usion requires
always less energy than the atom di�usion, because the migration barrier on the cluster
perimeter is lower than the barrier for the atom detachment. For small clusters, e.g.
Pd

3

it is assumed that the cluster di�usion and the perimeter di�usion have the same
activation energies, respectively they can be not anymore distinguished or are strongly
influenced by other mechanisms.
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4.5. Ripening mechanism shifts - Dependence on support and cluster size

To conclude, each ripening mechanism is dominating in di�erent size regimes. This co-
incides qualitatively with the observations on the blank Rh(111) support (Figure 4.11):

1. Cluster shape changes by perimeter di�usion for large clusters.

2. Shrinking of immobile clusters by atom di�usion in the intermediate size range.

3. Cluster di�usion for small clusters.

The dashed lines show the corresponding situation on a corrugated superstructure. Such
supports favor 3D-clusters (Figure 4.17(b)). Therefore, the coordination number of the
cluster surface atoms within the cluster increases faster than for the clusters on metals.
This increases the activation energy of the atom and of the perimeter di�usion. Further-
more, the activation energy of the atom di�usion and in a similar way of the perimeter
di�usion is increased by far, due to the lower stabilization of the monomers on the sur-
face. In contrast to this, the footprint increases slower with cluster size than on metal
supports. Furthermore, the binding energy increases even slower than the footprint,
due to the access of less favored binding sites, due to the up-building lattice mismatch
between cluster and the superstructure [75]. On the observed support, g/Rh(111), the
additional mismatch between graphene and Rh(111) further enhances these observa-
tions. Nevertheless, the general trend for atom di�usion at larger sizes remains. But,
this critical cluster size could be so large that already a metal film has formed. This
coincides with the observations on g/Rh(111), which do not show atom di�usion in the
observed size ranges, but, coalescence by cluster di�usion and reshaping by perimeter
di�usion (Figure 4.9). Nevertheless, dependent on defects and maybe on the annealing
parameters a certain contribution of atom di�usion can be observed (Figure 4.16).
The blue circles represent the observations by STM (Figure 4.17(b)). The solid circle
represents the situation on Rh(111) (Figure 4.11), atom di�usion is present and smaller
and larger cluster are forming (indicated by two blue arrows). Thereby, for small clus-
ters, i.e. below about six atoms, cluster di�usion becomes more favored than atom
di�usion (Figure 4.11). The empty blue circle represents the situation on g/Rh(111).
Cluster di�usion is present and only larger clusters form (indicated by a blue arrow) and
a shift to atom di�usion might take place for very large clusters.
On superstructures (Figure 4.18(a)) are, due to their large unit cells, only specific sites

beneficial for adsorption. Therefore, for cluster di�usion a quasi spontaneous movement
to the next favored adsorption site takes place [75]. The atom di�usion (not plotted)
should behave rather similar than on metals (Figure 4.1), because the single atom can
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a) b)

Figure 4.18: Schematic representation of cluster and perimeter di�usion. Top view on rep-
resentative (hypothetical) supports: (a) homogeneous (metal) supports (red circles); (b) su-
perstructures (green circles) on metals (red circles); empty circles represent the initial state;
solid circles represent the final state; solid lines represent movements of a complete cluster;
dashed lines the movements of atoms; the blue dashed lines represent the energy gain forcing
the cluster to stay on the favored adsorption site. The directions indicated by the arrows are
just for illustration, both ripening mechanisms are assumed to be isotropic. The influence of
the orientation of the metal or the superstructure lattice is neglected.

even on a highly corrugated surface rather easily di�use [238]. The perimeter di�usion
seems to be highly suppressed, as illustrated by the blue dashed arrows, because by
deviation from the most favored adsorption site the activation energy of the atoms to
reshape to the most favored adsorption site gets more and more favored compared to
the increasing access of an unfavorable site. This quasi excludes, in contrast to the situ-
ation on metal supports (Figure 4.18(b)), the access of another favored adsorption site,
which is necessary for cluster merging. A thermodynamic driving force for the ripening
mechanisms is required to result in an e�ective, respectively sustainable, morphology
change. This influence can be observed by the di�erent extent of morphology changes
by single steps of the di�erent ripening mechanisms (Figure 4.11).
For the e�ciency of ripening, the activation energies, which define the rate constants of
the according processes, are convoluted with the thermodynamic driving force, i.e. the
e�ciency of a di�usion step.
The thermodynamic driving force is, by neglecting of the entropy, the improvement of
binding energy. This can be either:

• The binding to the support.

• The binding within a particle.

• The additional binding energy due to cluster coalescence.
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These properties lead to significant di�erences between the three ripening mechanisms.
Furthermore, the di�erences between metal supports and superstructure-covered sup-
ports are important. Ionic supports are considered to behave, in first order, like metals.
Therefore, the access to the next thermodynamic minimum is important. On homoge-
neous supports this is relatively easy to achieve. There, the energy to build up a single
atom nucleus, respectively monatomic bulge, out of the equilibrium cluster curvature,
can be enough to overcome the thermodynamically highest laying intermediate to enable
a movement step. This is easier for larger clusters, due to the smoother kinks [225]. For
a monomer, the situation is clear, but, for larger particles, Hansen et al. obtained via
simulations that random walk leads to oscillations of the particles, which are smaller
than their diameter [205]. Although, the system of Pd

19

/Rh(111) is, due to the di�erent
facets at similar energies [76], rather well suited for perimeter di�usion, the mass cen-
ters of the clusters move by the most for some atomic distances (Figure 4.11). It was
shown by calculations that additional or vacancy atoms yield in variations of the cluster
mobility of more than an order of magnitude [216].
According to the

Ô
N rule of statistics, the center of mass of a fixed ensemble should

di�use faster by the root of the atoms per cluster than a reshaping agglomerate does.
This coincides with the observations of weak di�usion in the perimeter di�usion regime
and strong di�usion after cluster shrinkage, which is expected to be induced by cluster
di�usion. The number of required di�usion steps is proportional to the square of the
distance, being a huge hindrance for superstructures, which build up a repelling force
by the corrugated adsorption to the surface [202]. This suppresses the random, field-
free di�usion described by Smoluchowski [212], ending in a confined di�usion, without
sustainable changes. This behavior can be expressed via a very low geometric factor,
respectively pre-exponential-factor, ending in a low rate constant, respectively a high
apparent activation barrier to enter the next Moiré cell. Therefore, it is unlikely to ob-
tain merging of clusters via this mechanism, i.e. to obtain a thermodynamic gain. This
coincides with the observation that the perimeter di�usion has, even in the cluster size
range, where its rate constant is dominating the ones of the other mechanisms, only a
minor influence on the cluster ripening (Figure 4.11).
To conclude, if several ripening mechanisms show significant rate constants, the thermo-
dynamically most favored will become dominating. But, at the beginning and at lower
temperatures the kinetically most favored process will be present. The thermodynamics
of the perimeter di�usion are the same as for the cluster di�usion. Cluster coalescence
is the thermodynamic sink. But, the merging of clusters is accompanied by a loss of
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entropy. This entropy loss indicates the thermodynamic driving force to atom di�usion
for cluster ripening at elevated temperatures.
For atom di�usion there is a long lasting debate, which was up to now never shown
experimentally [205]. Is the atom di�usion interface or di�usion controlled? This is
indirectly solved by the observations that the ripening appears intermittently, which is
a hint for the interface controlled mechanism.
Furthermore, it is interesting to know, how the cluster ripening depends on the distribu-
tion of the clusters in size, respectively in Gibbs energy. In the special case of size-selected
clusters and by assuming that they have all equal energy levels, the particle-dependent
part of equation 4.2 becomes zero. Therefore, the ripening should stop according to
this equation. Nevertheless, on the microscopic scale, ripening is also dependent on the
Poisson distribution of the clusters on the surface and takes therefore still place. The
particles in the surrounding can be assumed as time-dependent perturbation terms on
the local energy state of the clusters. The direct measurement of the energy levels of the
particles is beyond the scope of this work. Nevertheless, the observations of the atom
di�usion on Rh(111) (Figure 4.11) can be used to postulate a preliminary model on the
influence of the energy distribution of the clusters and on the self-accelerating behavior
of atom di�usion.
On the local scale, the detachment probability depends on the chemical potential of the
clusters. But, the attachment probability, being also crucial for the ripening is depen-
dent on the distances of the surrounding clusters, which are Poisson like distributed.
Therefore, particles, which have a high cluster density in the surrounding, are expected
to grow, while clusters, which have a small cluster density in the surrounding, are shrink-
ing. The thermodynamic driving force per ripening step, ��G, is mainly set by the
increase of the average inter-cluster coordination number, due to the smaller surface per
volume ratio for larger particles.
The ripening process is a sum of consecutive reactions, which are all reversible, but
getting forced by an increasing overall driving force, �G, which is the sum of all ��G.
Therefore, the atom flux from the shrinking clusters gets larger and larger, like in an
auto-accelerated process. Systems formed via atomic vapor deposition, have a certain
average �G from beginning on, like the size-selected systems at a certain point of ripen-
ing, causing lower stabilities than for the size-selected systems.
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4.6 Conclusion
By STM measurements of Pd

19

clusters, which have been either annealed to various
temperatures on various supports or are kept for hours at specific temperatures, while
scanning, several things could be observed and overlapping processes could be deconvo-
luted.
More than a single Pd cluster is never adsorbed within a single supercell of the
superstructure-covered supports. Clusters are observed on fcc and hcp sites of g/Rh(111)
(but never on both of them within a single supercell), on fcc sites of g/Ru(0001) and on
the hole regions of h-BN/Rh(111) and h-BN/Ru(0001).
Atom and cluster di�usion are clearly disentangled, due to size-selected clusters.
Perimeter di�usion o�ers additional pathways to activate the clusters for ripening.
Cluster ripening processes depend on the support - strongly interacting supports or sites,
e.g. metals, favor atom di�usion, - weakly interacting supports and sites, e.g. super-
structures, favor cluster di�usion.
The underlying parameters of the three ripening mechanisms evolve di�erently with
cluster size. Therefore, they are size dependent - large clusters favor perimeter di�u-
sion, - mid-sized clusters favor atom di�usion, - small clusters favor cluster di�usion. A
stronger cluster-support interaction shifts this distribution to atom di�usion for smaller
cluster sizes and a weaker cluster-support interaction to cluster di�usion for larger clus-
ter sizes.
The fundamental steps of the three ripening mechanisms show very di�erent impact on
ripening.
Atom di�usion is self-catalyzed. The ripening by this mechanism speeds up, due to the
formation of smaller and smaller clusters.
The cluster stabilization depends on both lattice mismatches, i.e. the mismatch at the
support-film and at the film-cluster interface.

4.7 Outlook
The detailed analysis of the temperature dependence of the ripening mechanisms re-
quires in situ STM measurements at elevated temperatures. Such measurements could
proof the indications that atom di�usion dominates at highly elevated temperatures,
due to the higher entropy compared to cluster and perimeter di�usion.
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Furthermore, equilibrium conditions of the clusters are assumed, due to the coupling to
the support as quasi infinitely large heat bath. But, especially during reactions the local
temperatures at the clusters could be di�erent. Experiments at various pressures can
enable to disentangle the cluster morphology changes, which either occur, due to local
heat spots or, due to the activation by the adsorption of the molecules.
Improved temporal and lateral resolutions are required, to unravel the underlying pro-
cesses of the described mechanisms in detail. This can be done with two STM techniques,
which have been already implemented in one electronic device.
First, FASTSTM [179] enables scanning rates of at least 10 frames/s on flat surfaces,
like monolayer high clusters on flat supports. Due to the extremely fast scanning, the
feedback needs to be rather low, which can be an issue for rough surfaces, i.e. for the
scanning of high clusters. For this goal, the second technique, Atom Tracking is used. It
measures the location of a single cluster height maximum and detects the lateral and ver-
tical shifts of this maximum in sub-atomic accuracy down to about 1 ms time-resolution.
The trade-o� is that with this technique only one cluster at a time can be monitored.
Measurements on di�erent cluster materials than Pd should be done to compare and
proof the hypothesis that the extent of both lattice mismatches and the according bind-
ing energy is a crucial property.
Preliminary measurements on Pd

38

/h-BN/Rh(111) during several gas dosages at ele-
vated temperatures of up to 600 K show that STM imaging under this conditions is pos-
sible and cluster stability is preserved. Thereby, hydrogen pressures up to 1 · 10≠4 mbar
do not show an acceleration of the ripening as reported for atom di�usion of large Pd
clusters on SiO

2

[260], for cluster di�usion of small Pt clusters on g/Ir(111) [261] or
for cluster di�usion of small Pd clusters on Fe

3

O
4

[252]. Therefore, the detection of
the underlying processes is a further goal. This requires a detection of the changes of
the lateral or the vertical shape or of the electronic state, which are induced by the
contributors of the reaction. For this regard, surface polymerization reactions, e.g. the
growth of graphene, are beneficial, due to their huge di�erence in morphology between
reactants and products. For other reaction types this is more complicated, e.g. due to
the short residence times of the products on the surfaces.
The chemical contrast can be achieved by Scanning Tunneling Spectroscopy, i.e. by
dI/dV- or by dI/dZ-measurements. dI/dZ-measurements, i.e. the measurement of the
current change dI in dependence of the height change dZ, are used to measure the
local work function. This is employed in Kelvin Probe Force Microscopy. dI/dV-
measurements, i.e. the measurement of the current change dI in dependence of the
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a)

d) e) f)

c)b)

Figure 4.19: Changes of the density of states - dI/dV-spectroscopy. (a-c) Topographic STM
images; (d-f) dI/dV images taken simultaneously to (a-c); Image sizes, 45 · 45 nm2; Imaging
conditions, (a,d) 0.8 V, 10 pA; (b,e) 1.0 V, 10 pA; (c,f) 1.05 V, 10 pA.

bias voltage change dV, are used to measure the local density of states by STM.
For the dI/dV-measurements is an oscillation voltage added to the set tunneling bias by
an external frequency generator (Stanford Research Systems, Model SR830 DSP Lock-In
Amplifier). Thereby, the oscillation frequency is set to a multiple of the pixel scan rate.
In the presented example a frequency of 800 Hz and a pixel scan rate of 200 Hz are
applied, the amplitude of the oscillating potential is 100 mV peak-to-peak and the bias
is swept in 50 mV steps between 0.3 V and 1.3 V. This allows to monitor changes of the
density of states in dependence of the bias. Preliminary experiments with this technique
show interesting features (Figure 4.19), e.g. several clusters, which appear similar in the
topographic image, can be distinguished by the dI/dV data.
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5 Size-dependent cluster adsorption sites
and morphologies

5.1 Cluster adsorption site - Influence of size,
support and ripening mechanism

The cluster ripening on carbon and boron-nitride films gives a unique handle to study
the cluster adsorption depending on the cluster size up to several hundred atoms.
The motivation to unravel the cluster adsorption position and morphology is to get in-
sights about the cluster size and support dependence of the cluster adsorption site and
the underlying properties for this. Beyond the variations of ripening mechanisms, the
clusters show di�erent adsorption geometries. These include di�erent adsorption sites on
the support and di�erent adsorption angles to the support, respectively di�erent wetting
behaviors, which end in various cluster geometries.
This section deals with the cluster size and support dependence, respectively indepen-
dence, of the most favored adsorption sites of the clusters. The dependence of the favored
adsorption site of supported transition metal clusters on superstructured surfaces as a
function of cluster size is shown by ex situ annealing of size-selected Pd clusters on
g/Rh(111), h-BN/Rh(111), g/Ru(0001) and h-BN/Ru(0001) in 100 K steps up to 700
or 800 K.
In the left column of Figure 5.1 a blank g/Rh(111) surface is shown with an overlay of

the various highly symmetric coordination-sites, ring-hcp (H), ring-fcc (F), ring-top (T)
and ring-bridge (B), to pronounce the various adsorption sites within a Moiré cell. These
positions are determined automatically by a home-written evaluation program, where
the cluster centers are evaluated by comparing with the three nearest top sites and slight
deviations of the graphene lattice are removed by scaling. The size of the circles around
the H, F and B sites corresponds to ~0.75 nm, coinciding roughly with the diameter of
three atoms. The size of the circles around the T sites corresponds to ~2.2 nm. Below
this are STM images of cluster samples plotted. These have been annealed to 300 K,
500 K and 700 K as noted on the images. Black dots indicate the center of intensities of
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Figure 5.1: Cluster size dependence of the adsorption site of Pd on g/Rh(111) and on
h-BN/Rh(111) starting with Pd

19

. Left panel: STM image series of clusters on g/Rh(111)
from 300 K to 700 K and corresponding Moiré cell schematics. Right panel: STM image series
of clusters on h-BN/Rh(111) from 300 K to 800 K and corresponding Moiré cell schematics.
All STM images are set to the same color scale, violet represents low and yellow the elevated
regions of the image. Image sizes, 50 ·50 nm2; Imaging conditions, Pd/g/Rh(111), 0.5 V, 1 pA;
Pd/h-BN/Rh(111), 300 K, 0.5 V, 1 pA; 500 and 800 K, -0.6 V, 1 pA.
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the respective clusters, the white tags indicate the T sites of the graphene Moiré. The
rhombi to the right of each image represent schematically the Moiré cells.
The strongest interaction to the support is at the H and the F sites, whereas the T sites
are most weakly interacting. Furthermore, the dots within the Moiré cell schematics
represent the centers of intensities of all clusters of the full, original images (at least
15000 nm2 in size) according to the relative positions of the clusters within their Moiré
cells. The dots are color coded to the same color scale as in the images. The position
distributions indicate the positions of all clusters with respect to their surrounding Moiré
cells (corrected for Moiré cell distorsions). The black (half) circles represent the B sites.
The grey circles represent the H (in the left half of the unit cell) and the F sites (in the
right half of the unit cell).
In the right column of Figure 5.1 is the analog data for the system Pd

19

/h-BN/Rh(111)
plotted. A blank h-BN/Rh(111) surface is shown with an overlay of the various highly
symmetric coordination sites. The holes (H) are strongly interacting with the support,
whereas the wires (W) are only loosely bound to the support. These positions are deter-
mined automatically by a home-written evaluation program, where the cluster centers
are evaluated by comparing with respect to the center of the holes and slight deviations
of the h-BN lattice are removed by scaling. The size of the circles around the H and W
sites represent diameters of ~1.4 nm each. This coincides roughly with the real sizes,
especially with the roughly flat area within the holes [262, 263]. The two di�erent sites
within the wires can be not distinguished in STM, due to the very similar contrast [96,
263, 264].
The STM images in Figure 5.1 represent the proceeding ripening of Pd

19

/g/Rh(111)
with increasing temperature, which is indicated by a decrease of the cluster coverage
and an increase of the average height [76]. The schematic Moiré cells next to each STM
image show that at 300 K the clusters are selectively adsorbed and equally distributed
on H and F sites. The lateral distribution is very sharp, almost exclusively within the
circles, which mark the sites, i.e. the cluster maxima is mostly deviated just one atom
from the centers of the H or F sites or bound directly at these centers. The situation
is similar after annealing to 500 K, except for the highest clusters start, which tend to
bind to B sites. After annealing to 700 K, the adsorption shifts almost completely to
B sites, in a striking contrast to the small and medium-sized Pd clusters. At this size
some very large clusters, already being nanoparticles are adsorbed at the H site. This
indicates that another adsorption site shift may occur in such size ranges.
By summing up the behavior after the various annealing temperatures, we see that up
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5.1. Cluster adsorption site - Influence of size, support and ripening mechanism

to 4 layers in height, i.e. an assumed interface of 7 atoms in diameter, F and H sites
are the favored adsorption sites. From there on adsorption to B sites becomes more and
more dominating. This might be based on the following. For a footprint diameter in the
range of 10 atoms, centering at B sites enables access to two F and H sites and reduces
interaction with T sites, compared to an ongoing, centered adsorption on F and H sites.
Pd clusters with less than 1.2 nm (5 layers) in height and therefore less than ~100 atoms
in size are not observed at B sites in any image. Note that small fragments are not
observed after annealing to higher temperatures. Therefore, duration and temperature
quenching are su�cient to reach thermodynamic control.
The data on the right of Figure 5.1 shows that on h-BN/Rh(111) the distribution of
the metal clusters is less pronounced than on g/Rh(111). Furthermore, the area, where
clusters are not binding is much smaller than the T site on graphene. This behavior
is very likely based on the rather low adsorption energy modulation close to the holes,
being the ring-hcp site, via the adjustment to the underlying Rh(111) substrate [263].
Furthermore, Dil et al. observed molecule and atom trapping in the holes and a preferred
binding at the rims of the holes, due to the formation of a dipole ring, induced by the
polarization due to B and N, as studied by the photoemission of adsorbed Xe to measure
the work function [262]. Therefore, an additional binding contribution is present at the
edge of the hole [262][265]. The cluster adsorption positions stay constant after anneal-
ing to 500 K and 800 K. This seems to be induced by the fact that only the hole area is
wettable for the clusters and no other beneficial site is available for binding. Therefore,
h-BN is an excellent substrate for the high temperature stabilization of clusters.
Nevertheless, after annealing to 900 K and especially to 1000 K (data not shown), the
Pd coverages on h-BN start to decrease, at least on the scale of ~500 nm. At these
temperatures, large chunk formation or penetration below the h-BN film can occur.
Other groups [74][266][245] stated that the preference for film growth or for cluster
growth depends on the ratio between the cluster’s cohesive energy and its adsorption
energy to the support. In more detail, the formation of extended 2D-islands or 3D-
clusters depends on the local ratio of these energies at a single atom. Therefore, the
lattice mismatch induced corrugation of the adsorption energy, i.e. local changes of
the ratio between adsorption energy and cohesive energy, favors 3D-cluster formation,
because the adsorption energy gain for metal films decreases, due to the access to the
interaction with less favored binding sites, while the cohesive energy gain due to the
increased coordination number for the clusters remains in first order constant. Thereby,
the decrease in binding energy depends on both lattice mismatches.
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Figure 5.2: Illustration of a cluster size dependent adsorption site shift. The green cluster
represents a 4 layers high cluster. The green hexagon on the graphene lattice represents the
cluster footprint. The dark green line represents the location of the centers of the cluster
perimeter atoms. The blue cluster represents a 7 layers high cluster. The blue hexagon on the
graphene lattice represents the cluster footprint. The dark blue line represents the location of
the centers of the cluster perimeter atoms.

What is the reason for the apparent adsorption site change? One may think about
shape changes of the clusters. But, studies on the aspect ratio, which will be shown
later on in this chapter, show that the cluster shape stays fairly constant after various
annealing steps and for various cluster sizes. Therefore, this influence can be neglected.
If the shape of the clusters is not the reason, another part of the cluster-support interface
needs to be crucial. This can be the structure of the periodically wettable surface. This
structure may favor for larger clusters di�erent adsorption sites, due to the dependence
on the integrated binding energy over the whole footprint.
Figure 5.2 illustrates the observation of the cluster-height dependent adsorption site
shift in Figure 5.1 and links it under the assumption of a certain cluster shape, namely
a hemi-cuboctahedra with triangular top termination to the diameters of the clusters.
The same shape and the alignment to the Rh(111) lattice orientation was shown recently
via x-ray di�raction of Ir clusters on g/Ir(111) [248]. This assumption will be checked
in the next part of this chapter, when trying to determine the cluster morphology via
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STM.
The larger blue cluster could be assumed to be rotated by 30¶ to reduce the interaction
to the top-sites and to maximize the interaction to the two hollow sites, but the guid-
ing via the orientation of the Rh(111) is expected to be dominating. Furthermore, the
clusters at bridge site show no elliptic shape, which would indicate a domination of the
binding to the graphene.
We expect that the same mechanisms, which induce cluster ripening, lead to the shifts
to other sites.
Calculations on Pd

20

/g/Ru(0001) [75] showed that the graphene film becomes modu-
lated below the cluster, especially below the cluster rim. Similar behavior is expected
on g/Rh(111). This could favor the binding to the bridge site above a certain cluster
size. Furthermore, the shift to the bridge site enables new binding combinations, which
seem to be favored above a certain footprint. The observations on g/Rh(111) indicate a
stepwise shift from H and F to B sites. Illustratively, this is the growth of a protrusion to
one of the bridge sites after a certain footprint size around the H and F site is saturated.
This behavior will now be compared with the possible ripening mechanisms. Thereby,
atom di�usion can be excluded, due to the fact that the formation of large clusters, and
the critical nucleus size is somewhat 100 atoms, at up to there not covered sites is very
ine�cient by the agglomeration of single atoms, because small clusters tend always to
join to larger ones in the surrounding. Cluster di�usion enables the shift of large, intact
clusters. This way, mobile clusters seem to wet from a certain size on more and more
the bridge site. The stepwise shift to the bridge site can be an indication for perimeter
di�usion, instead of cluster di�usion without restructuring of the cluster.
By artificially induced atom di�usion alone, i.e. upon monomer dosing at moderate
temperatures, where cluster di�usion is rather slow, if not fully suppressed, the particles
observed after high temperature annealing are not generated (Figure 5.7). Instead, flat
particles form that are no longer as fluxional as the small clusters that reshape imme-
diately upon coalescence. We conclude that atom di�usion is not the main mechanism
that guides the ripening when adsorption site crossover is observed.
The shift appears likely as combination of the cluster size and cluster reshaping that
builds up, i.e. by di�usion on the perimeter and the surface of these clusters. This
corresponds to the data on h-BN and on the corresponding Ru(0001) based supports
(Figure 5.3), which support that a combination of adsorption energy modulation and
a larger distance between two adsorption sites, like on h-BN with just one favorable
binding site per supercell, suppresses the shift, because strong modulation reduces the
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cluster growth and larger distances require larger cluster sizes to access the next favor-
able site. Nevertheless, an influence of cluster di�usion, after the formation of a certain
bulge, which induces the shift for the highest clusters at 500 K, could take place.
For the sake of completeness, although the data is less clear, the corresponding Ru(0001)

data (Figure 5.3) to the one on Rh(111) (Figure 5.1) is shown. The position and height
coding is the same like in the Rh(111) case. The data is less clear than for Rh(111),
due to worse statistics and a broader distribution of the cluster positions, induced by a
poorer film quality that could be reached. Nevertheless, this points can be deduced.
For the Pd

19

/g/Ru(0001) system the clusters are at 300 K adsorbed at the F sites. This
corresponds to the previous observations [75]. This position stays stable after annealing
to 600 K, whereas after annealing to 700 K the distribution shifts mostly to the bridge
sites. For the Pd

19

/h-BN/Ru(0001) system, the position stays at all temperatures close
to or at the hole area, coinciding with the observations on Rh(111).

5.2 Cluster morphology determination from aspect
ratio

As soon as larger nanoparticles evolve, well-defined facets can form. In the dynamic
studies we have seen that the clusters can easily reshape already at 323 K (Figure 4.9).
Note that the tip convolution makes lateral information only meaningful regarding rel-
ative values. The analysis of a ripened sample at 700 K can be used to look at di�erent
stadiums of ripening. In general, the cluster morphology is set by the stability of the
cluster facets, which is defined in the Wul� construction [267] (original publication in
Russian in 1895) and was already shown in microscopical measurements [50][268]. In this
section, the cluster size dependence of the height to radius ratio is analyzed. Therefore,
the cluster shapes on the initial system Pd

19

/g/Rh(111) are determined after the an-
nealing at various temperatures. Furthermore, these shapes are compared to the cluster
morphology after the additional dosage of Pd monomers.
The radius versus height plot of the cluster distribution on Pd

19

/g/Rh(111) in Figure 5.5
shows that the radius increases with the height by a factor of 0.865, indicating truncated
spheres, respectively in a first order approximation hemispheres, and that there would
be for a height zero an o�set of 0.812 nm. This o�set is formed by the tip convolution
and to some extent by the propensity to form layers with a certain amount of atoms, due
to the cluster support interaction. The truncated spheroid at the lower part of the figure
schematically illustrates this. Its ratio between height and diameter corresponds to the
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Figure 5.3: Cluster size dependence of the adsorption site of Pd on g/Ru(0001) and on
h-BN/Ru(0001) starting with Pd

19

. Left panel: STM image series of clusters on g/Ru(0001)
from 300 K to 700 K and corresponding Moirè cell schematics. Right panel: STM image series
of clusters on h-BN/Ru(0001) from 300 K to 800 K and corresponding Moirè cell schematics.
Image sizes, 50 · 50 nm2; Imaging conditions, Pd

19

/g/Ru(0001), 300 K, -0.8 V, 1 pA; 600 and
700 K, -0.4 V, 1 pA; Pd

19

/h-BN/Ru(0001), 300 K, 0.4 V, 1 pA; 500 and 800 K, -0.4 V, 1 pA.
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700 K

Figure 5.4: Pd
19

/g/Rh(111) after annealing to 700 K. Image size, 200 · 300 nm2; Imaging
conditions, 0.5 V, 1 pA.
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Figure 5.5: Cluster shape: height vs. width distribution. Each point represents the diameter
and height of a single cluster of the full image after annealing to 700 K (Figure 5.4). The points
are color-coded according to their height in atomic layers. The red line is a fit of these points.
The vertical black lines and numbers indicate the atomic layers in height. The truncated circles
illustrate the present cluster shape. The radii are determined via the cluster area.

values of the fit for a cluster with 2.2 nm in height. It is observed that the measured
heights are quantized according to the amount of atomic layers. Especially, for clusters
with 7 and more layers in height, the corresponding height distribution is very narrow.
This is an indication for the formation of a strict crystal structure of the metal clusters.
Up to this size, two or more di�erent crystal structures may occur. The footprint is not
quantized like the height, likely due to the various cluster isomers via reshaping and the
orientation dependent influence of the tip convolution. The correlation between height
and width is not strict. But, a larger cluster height ends on average in a larger radius.
Since all clusters have evolved from the same starting point, one can read the spatial
distribution as a time sequence of ripening (Figure 5.4), from small to larger clusters, as
indicated by the black arrows (Figure 5.5). When forming up a new shell, respectively
a new height step, lateral growth sets in. The steps in height and lateral extension are
similar, as shells of an onion. This indicates growth in a similar shape. Namely, in first
order hemi-cuboctahedra are forming. The cluster schematic on the lower part of the
figure shows that the measured height H’ coincides with the real height H. But, the
measured radius R’ is due to the tip convolution much larger than the real radius R.
The profiles in Figure 5.6(a,b) correlate to the data in Figure 5.5 and support by their

self-similar appearance the assumption that the clusters are truncated cuboctahedra.
Note that the diameter is here larger than in Figure 5.5, due to the determination by
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Figure 5.6: Height profiles of various cluster samples. After annealing to 500 K (a), after
annealing to 700 K (b) and after annealing to 500 K and prior monomer dosage at 400 K
(c). Observed heights are plotted against the observed diameter. The cluster profiles are
color-coded according to atomic layers in height. The values are determined via profiles in
scan direction and are therefore slightly larger than the radii in the plot in Figure 5.5. The
diagonal, dashed lines, being separated by 0.5 nm, and the numbers beneath each line represent
the assumed additional diameter per cluster shell.
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5.2. Cluster morphology determination from aspect ratio

the profiles in scan direction, which are enlarged due to the feedback regulation of the
STM. The assignment to the amount of atomic layers is done by the lattice parameters
and is then assigned to the layer height in atomic units, which is closest to the measured
height. For Pd(111) with its lattice constant of 0.38907 nm, the layer-to-layer distance
of

Ô
3/3 · 0.38907 nm = 0.2246 nm is used. The profiles show that the clusters between

5 and 8 layers in height grew in first order by the formation of additional shells, i.e. via
1 layer height increase, the width increases accordingly by 1 layer on each side, respec-
tively 2 layers in total.
Therefore, the diameter layers are set to 0.5 nm, being between the twofold of the
interlayer spacing of Pd(111) (0.225 nm) and the twofold of the Pd-Pd bond length
(0.275 nm), as it can be assumed for a rather free orientation of the additional cluster
shell with respect to the line profile orientation.
Various cluster isomers via reshaping and various orientations and similar heights with
additional atoms do not overlay this general trend, but lead to a scattered width dis-
tribution. The 5 and 6 layer high clusters access each two di�erent footprints. The 7
layers high clusters access four di�erent footprint sizes, marked as 10, 11, 12, 13 layers
in width (these high numbers are induced by the huge tip convolution). This is very
likely induced by various truncations at this height, most likely a pure hemispherical
cuboctahedra and cuboctahedra with 1 and 2 additional layers, which induce di�erent
tip convolutions.
In contrast to this are the profiles obtained via experiments with additional monomer
dosage of Pd

19

/g/Rh(111) (Figure 5.7) samples broader and flatter increasing (Figure 5.7
for a corresponding STM image), indicating an increased wetting of the surface. This
could be due to a kinetic hindrance at lower temperatures, whereas two clusters at el-
evated temperatures merge directly into the thermodynamically favored conformation.
Furthermore, these profiles have broader plateaus at the maximal heights, which are
nevertheless protruded at several spots. This could be due to monomers on top of the
clusters, respectively not completely filled shells, which might be stable at lower growth
temperatures.

Figure 5.7 represents the situation after the dosage of monomers at about 400 K, to
enhance the mobility of the atoms on the support, onto Pd

19

clusters. The clusters have
been annealed in advance to 500 K in order to get a system, which is stable after return
to RT or to 400 K. This process enables the formation of large clusters of similar size in
combination with low cluster densities. Thereby, the exact position of the cluster cen-
ters is hard to determine. The clusters seem to cover mostly more than a single Moiré
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5.2. Cluster morphology determination from aspect ratio

Figure 5.7: Influence of Pd monomer dosage onto Pd
19

/g/Rh(111) at 400 K on the cluster
aspect ratio. Green hexagons and circles highlight the shapes of the clusters, which are all
aligned according to the Rh(111) lattice.

cell. Furthermore, the clusters grow less into height than by the formation of larger
clusters via annealing. These larger clusters are at 400 K immobile and seem to be not
yet molten. Therefore, the cluster does not access the thermodynamically most favored
structure and favors more the wetting of the film by attachment of atoms at the cluster
rim. Nevertheless, the clusters build up several layers in height.
The average cluster size after the monomer dosage can be calculated. The coverage of
Pd

19

clusters at the beginning was according to STM data 0.015 clusters/nm2. This
coincides with the integrated cluster current of 40 pA for 1800 s on the deposition area
of 0.3 cm2. After annealing to 500 K the coverage decreased to 0.0043 clusters/nm2,
yielding in clusters of Pd

70

on average (it is also accounted for the cluster dimers at
the beginning). This coincides with the value obtained at the annealing series in Fig-
ure 4.15, being Pd

68

. After the monomer dosage a similar coverage is observed, namely
0.0045 clusters/nm2. This indicates that all monomers get attached to the pre-formed
clusters, due to their enhanced mobility at 400 K. The dosage of monomers can not
be verified by STM, but still by the integrated cluster current, which can be reliably
measured. Therefore, the deposition of monomers for 7200 s with an intensity of 1.5 nA
yields in 6.75 · 1013 atoms on 0.3 cm2, i.e. in 2.25 · 1014 atoms/cm2 (2.25 atoms/nm2).
This ends in 500 atoms/cluster by taking the observed coverage of 0.0045 clusters/nm2

into account. The monomer deposition is done at 0 V acceleration bias. Thereby,
the monomers show a maximal energy of ~3 eV. This is lower than the threshold en-
ergy for the removal of a carbon atom in graphite, being 4.6 eV [269]. Therefore, the
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Figure 5.8: Influence of the truncation on the values obtained via STM.

graphene film should stay intact. In sum with the start at Pd
70

, this ends in about Pd
570

clusters on average. That is much more than the about Pd
260

obtained via annealing
Pd

19

/g/Rh(111) to 700 K, or Pd
68

, respectively Pd
70

, via annealing of this system to
500 K.
With the help of our precise knowledge on the chosen amount of cluster atoms present
on the surface, by knowing that hemispheres require the fourfold amount of atoms than
spheres to build up a certain height (Figure 5.8) and via the measured heights at the
various annealing temperatures, the cluster shape can be verified by calculations of the
truncation values (Tables 5.1, 5.2, 5.3).
In a first order approach, this correlates with the observation of truncated cuboctahedra
by STM (Figure 5.5), which become more and more spherical with increasing cluster
size.
In more detail, the truncation X is defined as the di�erence between two times the radius
R and the height H, i.e.

X = 2R ≠ H (5.1)

By knowledge of the amount of atoms on the surface and the assignment of certain
heights to certain layer heights, one can calculate the truncation values for a hypo-
thetical cuboctahedra. The according case for perfect spheres is shown in Figure 5.8.
Although, for the clusters is later on a cuboctahedral geometry assumed.
Assuming spheres yields in a truncation value X of 0.77 for the 500 K data, whereas

this value is 0.71 for the clusters at 700 K and 1.13 for the clusters obtained via the
additional monomer dosage. This results coincide with the observations by STM. Never-
theless, the assumption of the clusters as truncated or pure hemispherical cuboctahedra
with triangular termination is used from now on, because it was shown to be present on
a similar surface [248] and it allows to easily calculate the demand of atoms to access
certain heights, which are quantized by the height of an atom.
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The diameter of this geometric structure increases according to Martin [270] the fol-
lowing way with the height. A hemispherical cuboctahedra with order K is K atomic
layers high and owns a diagonal, respectively twice the radius R, of 2K-1 atoms. This
way, the truncation X can be calculated via the height and the diameter of the cluster.
Thereby, the truncation is calculated in atomic units, i.e. the height and the width are
measured in atom sizes. The Table 5.1 illustrates this for hemispherical cuboctahedra
and the Tables 5.2 and 5.3 for truncated cuboctahedra. Thereby, the green marked line
represents the green cluster and the blue marked line the blue cluster in Figure 5.2.

Table 5.1: Size parameters of hemispherical cuboctahedra

Order K (layers) Diameter Interface diameter Atoms Truncation X
K = 4 (4) 7 atoms; 1.93 nm 7 atoms; 1.93 nm 92 6/7

K = 5 (5) 9 atoms; 2.48 nm 9 atoms; 2.48 nm 215 8/9

K = 6 (6) 11 atoms; 3.03 nm 11 atoms; 3.03 nm 326 10/11

Higher clusters are expected to be truncated cuboctahedrons, i.e. hemispherical cuboc-
tahedrons with additional layers, like present in an extreme case in a full cuboctahedron.
The diameter at the interface decreases by one atom diameter per additional layer, re-
spectively is 3 atom diameters smaller than for a purely hemispherical cluster. The
real situation is definitely more complicated, due to various atom counts of the clusters,
ending in not-fully closed facets or shells, like additional atoms on top or at the rim,
which strongly influence the observed height or the observed radius. Nevertheless, here
the e�ect of a partial truncation is shown.
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Table 5.2: Size parameters of hemispherical cuboctahedra with 1 additional layer; the blue
marked line represents the situation the blue cluster in Figure 5.2

Order K (layers) Diameter Interface diameter Atoms Truncation X
K = 4 (5) 7 atoms; 1.93 nm 6 atoms; 1.65 nm 119 4/7

K = 5 (6) 9 atoms; 2.48 nm 8 atoms; 2.20 nm 233 6/9

K = 6 (7) 11 atoms; 3.03 nm 10 atoms; 2.75 nm 401 8/11

Table 5.3: Size parameters of hemispherical cuboctahedra with 2 additional layers

Order K (layers) Diameter Interface diameter Atoms Truncation X
K = 6 (8) 11 atoms; 3.03 nm 9 atoms; 2.48 nm 461 6/11

K = 7 (9) 13 atoms; 3.58 nm 11 atoms; 3.03 nm 723 8/13

For a hemispherical cluster, the order K of the cluster, as defined by Martin [270], is the
same value as the height in atomic layers. For the truncated cuboctahedra, the amount of
additional layers, results in the same di�erence between the cluster order and its present
height. The maximal diameter of a cuboctahedra is always 2K-1, whereas the interface
diameter decreases by one atom per additional layer. The nanometer values beside the
diameters in atomic units assume the atom-to-atom distance of Pd, namely 0.2751 nm.
These information are used to calculate the amount of atoms, which are incorporated in
the according clusters, by assuming closed cluster shells. The truncation is calculated
according to equation 5.1. Thereby, all represented clusters show truncations below 1,
because already for the hemispherical cuboctahedra, the height is half an atom higher
than half the diameter, respectively the radius (K/0.5(2K-1)).
The combination of this knowledge with the assignment of the measured STM heights (as
in Figure 5.6) enables to assign a certain truncation to fit to the amount of atoms present
on the surface. Note that e.g. annealing of Pd

19

/g/Rh(111) to 700 K yields in clusters up
to 10 layers in height and 260 atoms in average size. Therefore, these qualitative cluster
shapes are assumed, up to 4 layers in height pure hemispherical cuboctahedra and for
larger clusters hemispherical cuboctahedra with additional layers, for 5 and 6 layers high
clusters 1 additional layer, for 7 and 8 layers high clusters 2 additional layers and for
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9 and 10 layers high clusters 3 additional layers. This is a bit more in the direction of
spherical clusters than assumed by the aspect ratio, which is determined via the STM.
This di�erence is assigned to the influence of the tip convolution, which tends to flatter
clusters via assignment by the aspect ratio.

5.3 Conclusion and Outlook
STM measurements of Pd

19

clusters, which have been annealed to various tempera-
tures on various supports, reveal these points. On g/Rh(111) the clusters show a size-
dependent adsorption site shift from ring-fcc and ring-hcp to ring-bridge for clusters
from 5 atomic layers in height on, whereas on h-BN/Rh(111) the clusters are always
adsorbed in the hole area of h-BN. This indicates that a strong corrugation of the ad-
sorption strength and the absence of another beneficial binding site within a supercell
suppresses the shift of the adsorption site. Substitution of Rh(111) by Ru(0001) yields
in similar results. Finally, clusters on g/Rh(111) build up in first order as hemispherical
cuboctahedra, which tend to truncated cuboctahedra for clusters above 4 atomic layers
in height.
These results shall be reinforced by additional measurements on other supports.
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6 Hard-landing of clusters

6.1 Motivation and state of the art
In order to explore systematically the limits of soft-landing on graphene layers, and in
order to immobilize clusters, the e�ects of varying the cluster kinetic energies upon de-
position have been studied. Can one induce defects in the graphene lattice that fix the
clusters, also for applications under harsh conditions? How stable are the clusters under
these hard-landing conditions? Can fragments be seen or can we determine that clusters
penetrate below the graphene lattice?
In a wider scope, the analysis of impacts of solid and liquid matter on more or less
strongly interacting surfaces is of huge interest and has been studied over size and ki-
netic energy ranges of dozens of orders of magnitude, from the impact of meteorites,
to hitting rain drops [271–273], down to the deposition of fast, accelerated, charged
molecules [274], atoms [275, 276] or fundamental particles. These are discussed in com-
mon concepts, such as the solid impact crater formation [277, 278] or the liquid-drop
impact formation [271], where the impacting particle keeps its morphology during im-
pact or acts like a liquid, depending on the involved cohesive energies. The separation
between the both mechanisms scales with the ratio of the cohesive energy of impact-
ing particle and hit surface [279]. The impact of metal clusters is very interesting in
this context, since the cohesive energies are comparable and a transition between both
mechanisms depends strongly on the local heat of impact. At velocities above 2000 m/s,
easily reached in these experiments, clusters act like liquids [280, 281].
Knowledge about hard-landing, with large size-selected clusters and atoms does exist,
due to experiments on various supports [55, 279, 282, 283]. There is also extended the-
oretical and experimental research on the impact of very small clusters below ten atoms
[55, 279, 282, 284, 285] and also about large clusters above 50 atoms [269, 279–281, 283,
286–288] or macroscopic objects [271–273]. But, much less experiments exist on the im-
pact studies of clusters in the range of 10-50 atoms, i.e. in the transition region between
scalable and non-scalable size regime on metals and especially on superstructures [59].
In order to prepare well-defined catalytically active materials, the dependence on ki-
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netic energy and cluster size is analyzed on pure metal and graphene-covered substrates.
Therefore, the impact of Pd metal clusters with sizes ranging from monomers up to
about 60 atoms at various kinetic energies up to 1,000 eV onto Rh(111) and Ru(0001)
and supported graphene is shown in the following. Since both metal surfaces show sim-
ilar cluster adsorption behavior, they will be discussed in parallel, demonstrating that
atoms can penetrate the surface.
The access to penetration depends on the concept of elastic collision. This implies a
critical threshold energy for penetration, which depends also on the cluster mass. Stud-
ies on threshold energies have been performed by Carroll et al. with small (N = 3,5)
[282] and large (N = 50-400) Ag clusters [269, 286] on graphite. The concept of elastic
collision will be explained in the following.
The conservation of energy (Equation 6.1) defines that the energy of the system before
the collision of the cluster with the surface, E

K

, and the kinetic energy of the system
after the collision, E

K’

, are the same. This can be refined to the single components of
the system the cluster C and the surface S and their according energies before and after
the collision (Equation 6.2). In the case of a purely elastic collision, the energies can
be described by the kinetic energy of the particles (Equation 6.3). Thereby, one has to
note that the speed of the surface before the collision, v

S

is set to zero. Therefore, the
kinetic energy before the collision is only dependent on the cluster and its mass m

C

and
speed v

C

, whereas after the collision both cluster and surface contribute to the kinetic
energy.

E
K

= E
K

Õ (6.1)

E
K,C

+ E
K,S

= E
K

Õ
,C

+ E
K

Õ
,S

(6.2)

m
C

v2

C

2 = m
C

vÕ
C

2

2 + m
S

vÕ
S

2

2 (6.3)

The second fundamental law is the conservation of the momentum before (p̨) and af-
ter the collision (p̨Õ) (Equation 6.4) and can be applied to the specific, present case
(Equation 6.5).

p̨ = p̨Õ (6.4)

m
C

v̨
C

= m
C

v̨Õ
C

+ m
S

v̨Õ
S

(6.5)

This corresponds to a constant velocity u of the center of mass of the two components
(Equation 6.6).

u = m
C

v
C

m
C

+ m
S

(6.6)
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With this, the velocities of the surface, v’
S

, and the cluster, v’
C

, after collision can be
calculated (Equation 6.7 and Equation 6.8). Afterwards, the kinetic energy of the surface
after the collision, i.e. the transferred energy via the collision, E

K’S , can be calculated
(Equation 6.9) and expressed according to the kinetic energy of the impacting particle,
E

K,C

(Equation 6.10).
vÕ
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= m
C

≠ m
S

m
C

+ m
S

v
C
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In case of m
1

>> m
2

this corresponds to a energy transfer onto the surface of

¥ 4 m
S

m
C

E
K,C

(6.11)

if this energy is higher than the threshold energy of a surface atom, the atom will
be removed from the surrounding lattice, yielding in a defect. The threshold for the
transferred energy to remove a surface atom is in first order set by the cohesive energy
of the surface atoms, e.g. for carbon the cohesive energy is ~4.25 eV [269] and the
threshold energy is ~4.6 eV [269].
The mass of the cluster, m

C

, is well defined, whereas the mass of the surface, m
S

, is
less clearly defined. In first order, we assume the mass of a single atom, which is hit by
the cluster, carbon in the case of graphene. This yields for di�erent used cluster sizes in
di�erent minimum impact energies to remove a carbon atom from a graphene film. In
detail, the minimum energies are for example 12.6 eV for Pd

1

, 155 eV for Pd
15

, 196 eV
for Pd

19

and 614 eV for Pd
60

. For clusters with a larger footprint, the cohesive energy
of the hit surface area can be higher. But, the e�ective mass of the surface would also
increase, yielding in a better energy transfer. Therefore, these two e�ects are assumed
to compensate each other for the most.
Bromann et al. [55] showed by deposition of size-selected Ag clusters (N = 7,19) on Pt
and on Ar-covered Pt at various energies that the mobility is a good criteria to follow
the occurring processes. STM can be employed to measure the height in detail and in
case of Moiré structures also the binding positions can be assigned.
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6.2 Hard-landing of PdN on Rh(111) and Ru(0001)
The starting point is the deposition of monomers on a pure metal surface to disentangle
the occurring processes from cluster fragmentation.
Pd

1

forms, upon impact at 1000 eV, three di�erent species (Figure 6.1) on the surface.
These can be distinguished by their heights (according to the line profile in Figure 6.1).
The largest and most often occurring species are mostly 180-210 pm high (#1,3,4 and
#5 in the line profile of Pd

1

in Figure 6.1), with some ones down to 130 pm and some
up to 250 pm. Thereby, the height increases with lateral size. These observations fit
to 1 atomic layer high clusters. The second species are small protrusions, which show
heights of 60-100 pm (#6 in the line profile of Pd

1

in Figure 6.1). These are assumed
to represent either small clusters, which are partially inserted in the Rh(111) lattice
(Figure 6.1) or distortions in the Rh(111) lattice. The third species are mostly about
20 pm and sometimes up to 50 pm deep depressions (#2 in the line profile of Pd

1

in Fig-
ure 6.1). These features are assumed to be distorsions of the lattice at the impact sites
or vacancies due to removed atoms via the impacts. The Pd monomers are expected to
penetrate into the support, due to the impact energy, respectively the transferred energy
which exceeds the threshold energy by far (Equation 6.11).
For Pd

19

the three species appear with the same heights as described for impacts by
Pd

1

. Furthermore, cluster dimers and trimers form (#3 and #4 in the line profile of
Pd

19

in Figure 6.1). The clusters within the dimers are at least and most often ~2.2 nm
separated and single bulges within the dimers show often di�erent heights. This could
be coupled with the exact location of the impact according to the atomic lattice. The
trimers can be described as dimers with an additional protrusion, which is mostly some
0.1 nm further separated. Therefore, most of them own non-trigonal geometries. This
could be induced by the increasing steric repulsion of the two closely neighboring clus-
ters. Furthermore, the dimers are preferentially aligned along the main directions of the
Rh(111) lattice. This seems to be induced by a guiding influence of the Rh(111) lattice.
But, this seems to be overlaid by processes during the impact, resulting in deviations
from the preferred orientations according to the metal lattice. The larger protrusions
appear triangular, supporting a preference for the orientation along the main directions
of the Rh(111) lattice. For the smaller clusters this might also be the case. But, the tip
convolution dominates the specific structural features.
Similar structures as observed have been shown for the impact of Xe+ at 5 keV on
Pt(111) [276]. The sputtering yield, respectively the amount of perturbed material de-
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Figure 6.1: Cluster size dependent impact pattern upon hard-landing at 1000 eV. (a) Pd
1

;
(b) Pd

19

; (c) PdØ15

; (d) follow-up image at RT 36 min after (a); (e) after annealing to 473 K;
(f-j) image series of the same sample as in (a) and (d), 24 min between (f) and (g) and 12 min
between all other image, (f) is 361 min before image (a). In (a-c) the red lines indicate the
path of the line profiles (below the according images); the red squares mark insets. The red
rectangles in (a) and (d) highlight an area with a cluster di�usion event. The green sign in (b)
represents the lattice orientation of Rh(111) for all images. In (f-j) the line profiles represent
the height of the di�using cluster. Impact speeds, Pd

1

, 42.6 km/s; Pd
19

, 9.8 km/s; PdØ15

,
11.0 km/s for Pd

15

, respectively 5.5 km/s for Pd
60

; Image sizes, (a-d) 80·80 nm2; (e) 50·50 nm2;
(f-j) 20 · 20 nm2, insets: (a,b) 15 · 15 nm2, (c) 17 · 17 nm2; Imaging conditions, (a,d-i) 1.0 V,
1 pA; (b) -1.0 V, 0.1 nA; (c) -1.0 V, 0.2 nA; (j) 0.5 V, 1 pA.
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pends on the mass of the impacting particle and on its energy [289]. Therefore, the
formation of impact patterns is not limited to clusters. In the systems discussed in Fig-
ure 6.1 the threshold energy to remove surface atoms is surpassed for all cluster sizes. In
this regime a monomer can yield similar features than a cluster, if its sputtering yield,
which depends on the impact energy, compensates for it. Actually, Teichert et al. [276]
observed similar features, which are reused in Figure 6.2(b). Also, they observed cluster
dimers, which showed defects always in their centers and depressions. In contrast to
our data, they observed structures, which appear like loops and have an overall size of
~5 atoms, whereas they did not observe small protrusions as we do. They explained
the loops as distortions of the lattice. This might be similar to the so-called Ar bub-
bles, which are observed by too less annealing after Ar sputtering (see Experimental
section on Ru(0001)). Nevertheless, they observe especially at bends of the loops small
protrusions. In our case, it is reasonable that the small protrusions are Pd atoms or
small clusters, which are embedded in the Rh lattice. It might be that these structures
compensate the distortion stress, ending in the absence of surface loops.
Another point is the sputtering yield. The used impact energy of 1,000 eV is also for
the larger clusters above the threshold energy (Equation 6.11). In this energy regime,
larger masses end for the same energies in larger sputtering yields [276]. The mass ratio
between the impacting and the hit atom seems to be only in case of low impact masses
limiting for the sputtering yield. Therefore, the yield of Pd

1

is assumed to be similar to
the yield of Xe at similar energies, i.e. ~4 atoms per impact at 1000 eV, whereas Pd

19

ends in higher yields, although the factor is not clear. Nevertheless, this fits to the STM
observations (Figure 6.1) and explains also the absence of dimers for the impact of Pd

1

,
because if dimers are formed, the clusters are about 2 atoms in size and therefore highly
mobile at RT, ending after merging in larger clusters without specific pattern.
For PdØ15

the three identified species are present, too. The PdØ15

size distribution is
obtained by operation of the QMS in radiofrequency-only mode at the set mass for Pd

19

(for details see [80, 81] and experimental section), which yields in cluster sizes starting
at Pd

15

up to Pd
~60

and high cluster current intensities in the range of Pd
~18

to Pd
~45

.
The laterally larger clusters are up to 280 pm in height and beside dimers and trimers
are now also protrusions with shapes similar to half-circles or circles present (#3 in
the line profile of PdØ15

in Figure 6.1). These almost symmetric crater shapes, being
similar to macroscopic craters, seem to be induced by the larger cluster sizes, of up
to about Pd

60

. These observations indicate a crossover from particles, which hit at a
specific atomic registry, to particles, which induce a pressure on the crystal and cause a
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deformation that way. But, such structures may also form by several small protrusions,
which transform, respectively equilibrate to the observed structures afterwards.
To sum up, the structures formed at the cluster impact transform with increasing size
of the impacting clusters from monomers via dimers and trimers to more continuous
shapes like half circles and circles, i.e. the structures transform gradually to the shape
of macroscopic craters.
Figure 6.1(d-j) supports the assumptions stated by Figure 6.1(a-c) by assignment via
dynamics. The coalescence of two clusters (marked with (3) and (4) in Figure 6.1(a)) to
a single cluster (marked with red circle in Figure 6.1(d)) supports that the high species
are located on top of the surface.
Figure 6.1(f-j) shows the di�usion and coalescence of a high cluster (marked with a red
circle) with a small protrusion (marked with a red circle on the lower left of each image).
In Figure 6.1(e), after annealing to 473 K, the about 100-120 pm high protrusions are
still present, whereas the high clusters are merged together to some extent and appear
with 200 pm up to 300 pm in height. This is a further indication that the less elevated
species are immobilized within the surface, whereas the higher ones are loosely interact-
ing with the support.
In Figure 6.1(f) the two small protrusions are 60 and 100 pm high, the three high species
are all ~250 pm high clusters. In Figure 6.1(g) the red marked cluster becomes fuzzy,
while the imaged height decreases to ~200 pm. In Figure 6.1(h) the size of the red
marked cluster regained its height of ~250 pm and moved laterally by about 10 nm to
the lower left. In Figure 6.1(i) an interaction with a neighboring flat species is observed,
i.e. the cluster appears very fuzzy and decreased to about 150 pm in height. It could
be that the cluster shrinks via the interaction with the small protrusion, i.e. the atom
di�usion could be accelerated by this interaction. Finally, in Figure 6.1(j) the cluster
and the protrusion are merged together to an ~180 pm high cluster.
The observations in Figure 6.1 allow to state a model of the impact process (Fig-
ure 6.2(a)). Thereby, the blue cluster in the middle represents the impacting cluster.
The footprint of 12 atoms corresponds to a 2 layers high Pd

19

cluster and is an assump-
tion for the situation during the impact. The cluster is drawn in no specific orientation
with respect to the surface, neither according the angle, nor with respect to the lateral
position, because it comes from the gas phase. The two black clusters, also with a foot-
print of 12 atoms, represent the formed, 1 layer high clusters, which are observed by
STM (Figure 6.1). Here, an alignment according to the substrate is assumed and corre-
sponds to the observation of triangular shapes along the lattice directions (Figure 6.1).
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~2.2 nma) b)

Figure 6.2: Model of the impact process. (a) The blue cluster represents the impacting
cluster. The black clusters represent the formed clusters. The red atoms represent the metal
surface. (b) STM image of impact pattern induced upon deposition of Xe+ at 5000 eV on
Pt(111). With permission of Thomas Michely and Christian Teichert, Physical Review B, 50,
11156, 1994 http://dx.doi.org/10.1103/PhysRevB.50.11156 Copyright c•1994 by the American
Physical Society.

The size of the protrusions is dependent on energy and mass of the impacting clusters
[289], but 2 · 12 atoms could be a rough estimation for an impact by a Pd

19

cluster, be-
cause due to the formation of depressions are the protrusions assumed to show a higher
atom count than the impacting cluster. Furthermore, Pd

19

shows a strong tendency
to dimer formation (Figure 6.1). Also, these clusters are stable for long time, while
scanning. This indicates that the clusters are larger than Pd

~10

, because no mobility is
observed, like monitored for clusters below this size in Figure 4.11(e-g). Furthermore,
it is assumed that the protrusions form around the impact region and that kind of a
shockwave of the impact and eventually the formed clusters are guided by the Rh(111)
lattice. Therefore, the three clusters are oriented roughly along the lattice orientation
of the substrate, with an o�set of one atom to show that the aligning by the lattice is
not that strict and might also be influenced strongly by the orientation of the impacting
cluster with respect to the substrate lattice. Via these assumptions, two clusters are
formed, which have a center-of-mass distance to each other of ~2.2 nm, corresponding to
the observations by STM. For larger clusters or larger impact energies one can assume
that the protrusions start to form also along the other lattice orientations, yielding in
protrusions that start to overlap, respectively merge each other. This ends in circular,
i.e. continuous protrusions.
The cluster depositions on Rh(111) and Ru(0001) show huge similarities (Figure 6.3(a)

and (b)). The cluster dimers are between 2.1 nm and 2.6 nm separated. Single pro-
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Figure 6.3: Ru(0001) and Rh(111) upon hard-landing of Pd
19

at 200 and 600 eV. (a,b) Pd
19

upon hard-landing on Ru(0001) and Rh(111) at 600 eV; Impact speed, 7.6 km/s; (c,d) Scanning
induced ripening of Pd

19

hard-landed on Rh(111) at 600 eV. The red rectangles on the images
mark the same areas. (e-h) Scanning induced ripening of Pd

19

hard-landed on Rh(111) at
200 eV; Impact speed, 4.4 km/s; The red and orange ovals represent the same areas. Image
sizes, (a-d) 50 ·50 nm2, (e-h) 100 ·100 nm2; Imaging conditions, (a,b) -1.0 V, 1 pA, (c,d) 1.0 V,
0.1 nA, (e-h) 1.0 V, 0.2 nA.
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trusions are randomly distributed, but always in larger distances than the dimers. This
extended homogeneity indicates that the species are formed by a similar process. Fur-
thermore, the three di�erent species described before are observed on both metals, clus-
ters from ~200 pm up to ~300 pm in height, small protrusions with ~100 pm in height
and depressions, with ~20 pm in depth.
The scanning parameters in all images of Figure 6.3 can be correlated with the observed
cluster mobilities in each according image. Thereby, the clusters are at lower currents
and especially at negative biases much more stable.
At the start of scanning on the sample with Pd

19

hard-landed upon 600 eV (Figure 6.3(c),
especially at the lower part) are cluster dimers present, which are in ~2.2 to ~2.8 nm
distance. But, the scanning parameters of 1.0 V and 0.1 nA seem to induce extremely
strong tip-sample interactions, leading to a fast agglomeration of these species (Fig-
ure 6.3(d)).
For Pd

19

the dependence on the impact energy is shown by an alternation of the de-
position energies to 200 eV (Figure 6.3(e-h)). Directly after the start of scanning on
the specific area, but hours after deposition, several cluster dimers are present on the
surface (Figure 6.3(e)), whereas in the next measured image all small fragments are gone
(Figure 6.3(f)). Thereby, the mobile species merged with the remaining species, which
increased in size. In Figure 6.3(g) new small fragments come up on the right side (the
orange oval marks a representative area on both images and the red ovals correspond
to the same areas as in (e) and (f)), due to drift this part was not scanned before. In
the follow-up image (Figure 6.3(h)) also these small fragments merged together. These
observations strongly indicate tip induced ripening, i.e. the mobility is linked to the
tip-sample interaction.

After annealing to 473 K (Figure 6.4(a)), the morphology of the surface species is
similar as at RT (Figure 6.1(c)). Nevertheless, some larger clusters have formed.
After annealing to 573 K (Figure 6.4(b)), several cluster patches, up to 5 nm in diameter,
are observed, being still 1 atomic layer high. These species are accompanied with small
protrusions. The depressions are similar as at 473 K.
After annealing to 673 K (Figure 6.4(c)), one 10 nm large cluster patch and one 5 nm
large cluster are present, still 1 atomic layer high. The other species on the surface are
very small clusters, likely immobilized on the small protrusions, which are observed at
lower temperatures. The depressions disappeared mostly, most likely they become filled
by mobile atoms, indicating an onset of atom di�usion.
These observations further support that beside the larger clusters, which form due to a
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a) 473 K b) 573 K c) 673 K

Figure 6.4: Thermal ripening of PdØ15

clusters hard-landed on Rh(111) at 1000 eV. After
annealing to (a) 473 K; (b) 573 K; (c) 673 K; Impact speeds, 11.0 km/s for Pd

15

, down to
5.5 km/s for Pd

60

); Image sizes, 100 · 100 nm2; Imaging conditions, (a) -1.0 V, 0.1 nA; (b,c)
1.0 V, 0.1 nA.

higher coordination number on average, the small protrusions, respectively small clus-
ters, which are merged with these species, are the most stable species. This is reasonable,
because a defect is a highly preferred binding site, whereas the defect-free Rh(111) sup-
port is less favored, being similar to the various sites on a corrugated superstructure.
The broad size distribution of the clusters at elevated temperatures points strongly
to atom di�usion as dominating ripening process, coinciding with the observations in
Figure 4.11. Furthermore, the change to positive biases increased the interaction in
the images after annealing to 573 K and 673 K (Figure 6.4(b,c)). This reinforces the
observations in the preceding figure (Figure 6.3). Although, the clusters are there (Fig-
ure 6.4(b,c)) mostly removed by the tip and not forced to coalescence with other clusters
(Figure 6.3).

6.3 Hard-landing of PdN on g/Rh(111)
The carbon film is of uttermost interest for the possibility to create controlled carbon
supported clusters, e.g. for fundamental studies in electrochemistry and to avoid issues
due to alloying. The Moirè-patterned graphene is expected to behave di�erent than a
blank metal surface. The influence of the template-e�ect of graphene, which has been
observed for soft-landed clusters [75, 76] and particles, formed by atomic vapor deposi-
tion [53, 290], is analyzed according to hard-landing. Furthermore, the influence of the
defects and their coarsening during annealing will be shown. Recently, single atoms have
been deposited in sputter experiments below boron nitride films [291]. This approach is
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Figure 6.5: Pd
19

hard-landed on g/Rh(111) at 200 eV. Impact speed, 4.4 km/s; Upper panel:
(a) after deposition at 300 K; (b) after annealing to 377 K; (c) after annealing to 478 K;,
Lower panel: Line profiles, corresponding to the color of the dashed lines in the above located
images. The numbers in the images and at the line profiles are corresponding and are located
at characteristic species. Image sizes, 60 · 60 nm2; Imaging conditions, (a,b) 0.5 V, 1 pA; (c)
1.0 V, 1 pA.

extended to clusters.
As we have seen extensively in the chapter before, graphene shows according to clusters
or in general to adsorbates a template-e�ect, due to its periodical wettability, i.e. the
periodic lattice of strongly and weakly interacting adsorption sites.
In the following, clusters are deposited with increasing kinetic energies. The deposition

is done at RT, eventually followed by annealing. At 300 K, four di�erent species are
observed (Figure 6.5(a)). First, 0.4-0.6 nm high clusters (#1 in green line profile in Fig-
ure 6.5(a)), corresponding to 2 and 3 atomic layers in height, are adsorbed on various
sites, not only at the fcc or hcp site, as in the case of soft-landed clusters (see Figure 4.9
and [75]). The cluster, which corresponds to #1 in the green line profile shows a flat
feature at the upper rim. It is very likely one of the second species and seems to o�er a
well binding site for the larger clusters. The second species are ~0.2 nm high (#1,2,3,4
in the red and #2 in the green line profile in Figure 6.5(a)), located mostly at top sites,
but not strictly centered. They can also tend to the bridge sites or cover even more
than one top site. These observations indicate that these species are located below the
graphene film. Also, a few species with ~0.3 nm in height and small diameter appear.
These small cluster fragments are attached to bridge sites or defects.
The last species have 50-100 pm in height and are located at top sites (e.g. #3 in

150



6.3. Hard-landing of Pd
N

on g/Rh(111)

the green line profile). Furthermore, the small species are almost exclusively located in
neighboring Moiré cells to large clusters below graphene. This points to small cluster
fragments below the graphene film (for a more detailed analysis see Figure 6.8).
Once, two species are observed within the top site of a single Moiré cell (red marked area
in Figure 6.5(a)). In many other cases two or even three peaks within one protrusion
are appearing (areas marked with green circles in Figure 6.5(a)). These observations
indicate that two protrusions are either so close that they cannot be separated by STM
or are merged after forming separately. Dimers or trimers of protrusions in neighboring
cells are only rarely observed. This di�ers strongly from the deposition of PdØ15

at
1000 eV, indicating a certain threshold energy to enter two or three neighboring Moiré
cells.
In the graphene film appear many defects with up to 100 pm in depth beside the clus-
ters. They seem to be larger beside groups of clusters, indicating that two defects close
to each other merge together. This merging indicates a certain mobility of the defects
within the graphene. That might also explain the almost exclusive observation of defects
at the bridge sites. Furthermore, it appears that smaller defects lower the position of
one or in some cases two bridge sites, while large defects lower three bridge-sites and
the top site in the center of the three bridge sites vanishes completely. The reason for
this seems to be twofold. On the one hand, the defects reduce the increase of the lattice
mismatch, respectively of the lattice strain, between graphene and Rh(111). On the
other hand, the defects form unsaturated carbon bonds, which can bind stronger to the
Rh(111) surface, especially at the most strongly binding bridge sites [91], which stabilize
the low coordinated carbon atoms.
The observations of several cluster fragments above and below the graphene film can
be explained by clusters, which split up via deposition, mostly into two or three parts,
leading to small and large particles, which penetrate the film to various extent. Two
processes are expected to explain these observations.
First, for the cases with one species above and one species below the graphene the cluster
splits during the penetration through the film.
Second, if both species are below the film, the process is mediated by the underlying
metal, ending in the formation of two or more protrusions, which might consist of an
alloy of the cluster and the substrate material.
After annealing to 377 K (Figure 6.5(b)), the system looks similar like at 300 K. The
laterally small species, being ~0.2 nm in height are located mostly at the fcc and the
hcp sites and in some cases at bridge sites. Thereby, all these clusters surround or even
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overlay clusters, which are located below graphene. This indicates a certain activation
of these regions, due to the underlying clusters. The most often appearing clusters,
being ~0.2 nm high and in most cases of triangular shape, are located at ring-top sites.
Furthermore, large, 0.25 to 0.7 nm high clusters are located at ring-hollow sites. Most
species are more focused to the registries than before the annealing, indicating that the
sample has been equilibrated. The dimers or trimers below a single graphene top-site
are reduced and have likely merged in most cases, whereas the amount of top sites with
such features stays fairly constant, indicating that the di�usion, respectively the merging
of these fragments below the graphene is hindered. The height of some clusters below
graphene increased to 270 pm (#1 in red height profile in Figure 6.5(b)), whereas most
protrusions are still ~200 pm high (#4 in red height profile and #1,2,3 in green height
profile in Figure 6.5(b)). On top of the corresponding cluster to #1 of the red profile
is another cluster. This proofs that these two clusters are separated by graphene. This
is further proven by the di�usion of a cluster above an underlying cluster (Figure 6.6).
At the beginning, the underlying cluster fills a top site and the cluster on top is located
close to a bridge site. Afterwards, the cluster on top of the film increases first in height
(Figure 6.6(b)) and moves then, accompanied with a further height increase, roughly to
the top site.
At 478 K extensive ripening of the clusters on top of graphene is observed (Figure 6.5(c)),
the clusters are up to 3.3 nm high (#3 in red line profile in Figure 6.5(c)) and the small
clusters close to clusters below the graphene are mostly gone, whereas the species below
the graphene are immobilized and are located like at 377 K (green line profile in Fig-
ure 6.5(c)). Although, all dimers or trimers below single top sites are vanished, due to
merging via annealing.
Intermediate deposition energies on g/Ru(0001) in Figure 6.7 indicate a gradual tran-

sition from soft-landing at 3 eV (Figure 6.7(a)), to cluster fragmentation at 50 eV (Fig-
ure 6.7(b)), to beginning cluster implantation into the graphene at 100 eV (Figure 6.7(c)).
This observations should in first order also hold for g/Rh(111), due to the similar be-
havior of Ru(0001) and Rh(111) (Figure 6.3).
At 3 eV deposition energy (Figure 6.7(a)), i.e. at impact speeds far below 2 km/s and
therefore at soft-landing conditions, the smallest clusters are ~0.4 nm high. This corre-
sponds to 2 atomic layers in height. The distribution goes up to ~0.75 nm, indicating 2
and 3 atomic layers high clusters. All clusters are adsorbed on the ring-fcc site. Some
laterally extended, flat protrusions appear due to Ar bubbles, which are formed by Ar+

sputtering and annealing at to low temperatures afterwards.
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08102012 600 eV Rh
at start seem to be dimers present,
but extremely strong tip interaction 1.0V, 0.1 nA
capture zones of up to 20 nm
at the start several pairs can be observed (also at 
200 eV, being in 22 to 28 A distance
followed by extended agglomeration
(at some point this ends rather in a cluster pick up)
perhaps extended defects suppress this

a) b) c)

Figure 6.6: Discrimination of species on top and below graphene upon hard-landing of Pd
19

at 200 eV. All three images after annealing to 478 K (corresponds to Figure 6.5). The red
circle marks the di�using species. Impact speed, 4.4 km/s; Image sizes, 40 · 40 nm2; Imaging
conditions, +1.0 V, 1 pA.
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Figure 6.7: Pd
19

deposition on g/Ru(0001) - transition between soft- and hard-landing. Im-
pact speeds, 3.1 km/s at 100 eV; 2.2 km/s at 50 eV; 0.54 km/s at 3 eV; Image sizes, 60 ·60 nm2;
Imaging conditions, -1.0 V, 0.1 nA.
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At 50 eV deposition energy (Figure 6.7(b)), the distribution shows a focus on 2 atomic
layers high clusters. But, still 3 layers high clusters are present. Furthermore, some 1
atomic layer high clusters are observed. This indicates fragmentation during deposition.
The small fragments are all adsorbed at the ring-fcc sites (compared to the registries at
3 eV and 100 eV, they are turned by 180¶ due to the A-B-A-B-stacking of the Ru(0001)
[75]). The favored adsorption site and the removal by scanning are clear indications that
these small fragments are after the fragmentation at the cluster impact still on top of
graphene. This indicates that the cohesive energy of the cluster metal is lower than the
cohesive energy of the film.
At 100 eV deposition energy (Figure 6.7(c)) 2 layers high clusters dominate, beside some
3 layers high ones, which are all bound to ring-fcc sites. Furthermore, the fragments, for
the most 0.2 nm, i.e. 1 atomic layer high, appear now at the top-sites, which indicates
that these fragments penetrated already the film and are now adsorbed below the top-site
of graphene. This indicates that the protrusions, which are formed below the graphene,
become restructured by the surrounding graphene, because below the top sites is the
most space to intercalate protrusions without strong perturbation of the graphene film.
The lattice force of graphene can even reconstruct extended crystals [292]. Furthermore,
this behavior is similar to the location of single atoms below the wire areas of a boron
nitride film [291].

PdØ15

appear after deposition at 1,000 eV at 300 K (Figure 6.8(a)) mostly ~200 pm
high, i.e. slightly lower than the clusters observed on the blank metals, and most of
them are located close to or at top sites. These species are, especially in neighboring
Moiré cells, accompanied by fuzzy, ~50 pm high clusters. The fuzziness indicates high
mobility. Therefore, the clusters are assumed to be less than 6 atoms in size (see Fig-
ure 4.11 for comparison of the mobility and Figure 6.9 for illustration). But, the mobile
species do not merge with neighboring clusters. This indicates that the graphene acts as
a confinement, which stabilizes small clusters or even single atoms. Mostly, one cluster
of trimers is smaller and shows this behavior. This can be also a reason, why the trimers
are on Rh(111) (Figure 6.1) only imaged for the larger clusters, because the smaller ones
form mostly small protrusions and then the one of the three clusters is very likely so
small that it quickly merges, before it can be observed, whereas the graphene inhibits
this di�usion. Most clusters are close to film defects. These defects, respectively holes in
the film are about 200 pm deep and are randomly distributed over the surface and not
only located at bridge sites as observed upon deposition at 200 eV (Figure 6.5). Some
defects appear without adjunct clusters. It is hard to say, if the location of the film
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Figure 6.8: Template e�ect of graphene and defect migration. PdØ15

hard-landed on
g/Rh(111) at 1000 eV deposition energy. (a) at 300 K; (b) after annealing to 373 K; (c)
after annealing to 473 K; The profiles correlate to the according images and the small im-
ages are enlargements of the image areas, which are marked with red squares. Impact speeds,
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, 11.0 km/s for Pd
15

, respectively 5.5 km/s for Pd
60

; Image sizes, 50 · 50 nm2, insets
10 · 10 nm2; Imaging conditions, (a) -1.0 V, 0.1 nA; (b,c) 1.0 V, 0.1 nA.

defect with respect to the surrounding Moiré cells has an e�ect on the cluster pattern,
e.g. the relative cluster sizes within dimers. The size of the holes in graphene seems to
represent the real size of the clusters. Nevertheless, the maximal depth, i.e. the distance
of the graphene to the underlying metal, of ~0.2 nm is only observed for the largest
holes, due to the (negative) tip convolution and the electronic structure of the defects.
After annealing to 373 K (Figure 6.8(b)), one still observes stable ~200 pm and fuzzy
~50 pm high clusters. Both are located on the centers of top sites, indicating that the
clusters are below the graphene and optimized their positions during annealing. Also,
the flat ascents of the height profiles of the protrusions support this assumption. The
defects appear now, similar as upon deposition at 200 eV (Figure 6.5), almost exclu-
sively at the bridge sites. The reason for the defect migration at higher temperatures
than upon deposition at 200 eV (Figure 6.5) is not clear. Furthermore, the two clusters,
which are located at the rim of bridge sites (marked with red circles), are assumed to
be on top of graphene. The binding to bridge maybe induced by defects at these spots.
These observations remain after annealing to 473 K (Figure 6.8(c)), indicating high ther-
mal stability.
To sum up, these points can be concluded:
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Figure 6.9: Clusters below graphene top sites. Left: 7 atoms cluster; Middle: 12 atoms
cluster; Right: 19 atoms cluster.

1. The protrusions below the graphene top sites are stable against annealing.

2. Almost no clusters are observed on top of graphene, i.e. all clusters penetrate
graphene.

3. The defects in graphene penetrate to the sites, which are strongly interacting with
the substrate.

Figure 6.9 illustrates the situation for 7, 12 or 19 atoms below a graphene top site. But,
one can also assume other, especially smaller, cluster sizes, which would be representative
for the fuzzy, mobile species. The clusters are assumed to be adjusted to the underlying
metal lattice. The clusters are assumed to activate the graphene,because the graphene
lattice on top of the clusters is forced to some extent. Although, the lattice mismatch
seems to remain for the most. Soft-landing of clusters on these substrates can be used to
proof, beyond the first insights (Figure 6.5), if these sites become really to some extent
favorable for binding.

6.4 Conclusion and Outlook
STM analyses of metal and graphene-covered supports, on which clusters of various sizes
have been deposited at energies up to 1,000 eV, allow to observe the following points.
Rh(111) and Ru(0001) behave similar. On these pure metal supports, the impact pro-
cess becomes for very small cluster sizes non-scalable according to classical properties. A
symmetric crater is not anymore forming. Instead, the guiding influence of the atomic
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lattice starts to dominate the process. In contrast to this, intermediate cluster sizes
up to 60 atoms form impact patterns of various geometries, tending more and more
to circular, i.e. macroscopic, shapes of craters. On Rh(111) and Ru(0001) supported
graphene result increasing cluster deposition energies in gradual transitions from clus-
ter soft-landing, to cluster fragmentation, to cluster implantation into the graphene, to
implantation into Rh(111) and up to crater formation. This enables a controlled cluster
immobilization by pinning into graphene at 100 and 200 eV deposition energy. The at
1,000 eV deposition energy formed defects in graphene migrate upon annealing to the
bridge sites, i.e. the sites with the strongest support interaction and the formed cluster
fragments become restructured by the surrounding and covering graphene, which acts
as a template.
The presented data allows several insights. Nevertheless, additional measurements are
required, to further proof some of the observations.
Complementary experiments on h-BN films would allow more general discussions. Clus-
ter landing and defect formation could be disentangled by rare gas sputtering to form
defects, followed by migration of these defects via annealing and by cluster deposition
at soft-landing conditions. The increased binding energies of the clusters to the defects
should allow the immobilization of smaller clusters or on weakly interacting supports
as free-standing graphene. One application for such a system is a TEM-window, which
seals the reaction volume from the UHV part of the TEM, to study the particles and
their changes via reactions at high pressures or in fluids.
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In this thesis four major points could be revealed.

First, the pathway from ethene to graphene, including various intermediates and mech-
anisms, could be resolved in unprecedented quality. Hereby, the reactions on metal sur-
faces could be monitored in situ under reaction conditions. These intermediates could
be revealed at increasing temperatures: Ethene, ethylidyne, 1D-PAH chains, curled 1D-
PAH chains with coronene-type terminations, 2D carbon clusters, 2D carbon cluster
agglomerates, graphene flakes and extended graphene. This course coincides with the
loss of hydrogen in the according TPD. It was also shown that this pathway seems to be
universal for hydrocarbons by the observation of similar structures, while using 1-butene,
1,3-butadiene or benzene. Preliminary studies with borazine showed that at least the
1D-chain formation seems to be not limited to hydrocarbons. Furthermore, the prop-
erties for the graphene synthesis could be optimized to form reproducibly high-quality
graphene on Rh(111) and Ru(0001). A fast surpassing of the intermediate temperature
region by intensive cooling is crucial to hinder the solution of the graphene film into the
Rh(111) lattice, whereas the synthesis on Ru(0001) ends also at lower cooling rates in
high-quality graphene.

Second, the study of cluster stability on integral and local scale showed for various
supports di�erent propensities for atom or cluster di�usion. Stronger interaction to
the support, e.g. at defects, favors atom di�usion. The local processes could be moni-
tored, confirming the presence of a third ripening mechanism, perimeter di�usion. Size-
dependent shifts of the dominating ripening mechanism are shown. On a relative scale,
the perimeter di�usion is dominant for large clusters, atom di�usion at intermediate
sizes and cluster di�usion at small sizes. Thereby, the relative size scale depends on the
strength of the cluster-support interaction.

Third, cluster size and support dependent shifts of the adsorption site and the clus-
ter morphology were shown. The required cluster size to observe a shift of the cluster
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adsorption site seems to be linked to the presence of cluster di�usion. On the strongly
interacting supports, which have a strong preference for atom di�usion, such shifts could
be not observed, whereas in the presence of cluster di�usion the clusters move along the
surface and bind from a certain size on stronger to another site, ending in a more and
more increasing population of this site.

Fourth, clusters could be immobilized on graphene films. But, the clusters fragmented
by the used approach, ending in a loss of size-selection. Furthermore, graphene acts as
a template for the impact patterns. Finally, the impact pattern depends on the cluster
size and on the impact energy.

All these observations point to the lattice mismatch at interfaces as the dominant fun-
damental property. It sets the lattice strain, the film corrugation, the adsorption mor-
phology, the cluster morphology and so on.
Furthermore, several observations, being non-scalable according to classical properties
like the cluster diameter have been revealed. Nevertheless, they are still in first order
scalable to structural properties like the cluster footprint or the coordination number.
But, for smaller clusters also the scalability to these properties gets lost and the elec-
tronic structures become dominating.
The gain for other applications can be due to these fundamental results manifold. Nev-
ertheless, some applications might come easier to mind, three of them are:

• An access to improve artificially the cluster stability and to optimize the binding
energy of the clusters to the support.

• An optimization and easier access to the formation of graphene nanoribbons.

• The steered termination of polymerization processes by the lattice mismatch, e.g.
in Fischer-Tropsch-synthesis.

The major goal is to observe the formation and the decay of reactive species. There-
fore, co-operations with other research groups and their instruments should be exerted.
Complementary data will allow to analyze and to discuss STM and spectroscopy data,
which were up to now too complex to be evaluated. This could enable to reveal the
interesting dynamic processes during ripening, especially during the cluster di�usion.
The gained information about the cluster-support interaction can be used to form sys-
tems with adjusted stability. But, it gives also a handle to modify the reactivity. This
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should be done with various cluster-sizes on the developed supports.
Furthermore, one should study reactions at clusters to get insights about size, isomer
and support e�ects on the reactivity. It is assumed that especially at reaction ambients
isomer changes take place, which form the reactive species in situ or might also end
in degradation. But, such experiments are highly challenging, because many catalytic
reactions have short residence times of the reactants at the clusters and roughly similar
heights for the educts and products. A stepwise approach to address this issue seems to
be required. First, clusters with attached adsorbates shall be distinguished from blank
clusters. Second, test reactions with large height di�erences either vertical or lateral
between educts and products have to be developed. For this, all educts and all ex-
pected products of a reaction should be first measured separately, to show, if they are
all accessible and distinguishable by STM.
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This thesis revealed the ripening behavior of clusters on graphene supports to get in-
sights about the stability of supported nanoparticles in general. This is of great interest
to preserve desired particle properties, e.g. in catalysis.
This study used a laser evaporation cluster source, which was improved during the the-
sis work, to generate size-selected clusters and VT-STM to analyze the samples on the
local scale. TPD, which was improved by attaching a Feulner cone to a QMS, and Auger
spectroscopy were employed as complementing integral techniques.
The work is separated in four results chapters, the formation of high-quality graphene
and the reaction pathway to it, starting from hydrocarbons (Figure 7.1(a)), the support
dependence of cluster ripening mechanisms (Figure 7.1(b)), the cluster size and support
dependence of the cluster adsorption site (Figure 7.1(c)) and the cluster size and energy
dependence of the impact pattern and the template e�ect of graphene (Figure 7.1(d)).
Thereby, the latter three deal with the cluster stability, respectively the cluster-support
interaction.

First, annealing experiments were performed with ethene to gain insights about the
pathway to graphene, i.e. about the organic chemistry occurring on the Rh(111) and
Ru(0001) surfaces (Figure 7.1(a)). These experiments were exerted in situ and ex situ,
i.e. the annealing is either done outside the STM, followed by STM at RT or directly dur-
ing the STM measurements at reaction conditions. Thereby, the pathway from ethene
to graphene, including several intermediates and mechanisms, could be resolved in un-
precedented quality. These intermediates could be revealed by gradual increase of the
temperature up to 823 K: Ethene, ethylidyne, 1D-PAH chains, curled 1D-PAH chains
with coronene-type terminations, 2D carbon clusters, 2D carbon cluster agglomerates,
graphene flakes and extended graphene. The C:H-ratios of the structures coincide with
the monitored loss of hydrogen with increasing temperature in the TPD. By observing
the same structures as for ethene, while using instead 1-butene, 1,3-butadiene and ben-
zene, it was shown that the observed pathway is universal for various other aliphatic
and aromatic hydrocarbons. Furthermore, preliminary studies with borazine showed
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that the 1D-chain formation is not limited to hydrocarbons.
Also, the properties for the graphene synthesis could be optimized to form high-quality
graphene on Rh(111) and Ru(0001) in a reproducible way. This is required, because in
a model system the defect density should be close to zero and to obtain a high-quality
film on a scale of 100 · 100 nm2, ~100,000 atoms need to be arranged perfectly. In more
detail, after the synthesis on Rh(111) by dosing 81 L ethene at 1123 K, a fast surpassing
of the intermediate temperature region, down to about 823 K, by intensive cooling with
about 200 K/min is crucial to prevent decomposition of the graphene film and to achieve
a film with high quality, whereas the synthesis on Ru(0001) by dosing 27 L ethene at
1223 K does not require high cooling rates to form high-quality graphene.
High-quality hexagonal boron nitride (h-BN) films were prepared by exposing Rh(111)
to 81 L borazine at 1093 K, respectively by exposing Ru(0001) to 81 L borazine at 1113 K.

Second, ex situ annealing experiments at up to 800 K of size-selected Pd clusters on
various supports were exerted. These experiments enabled insights on the support de-
pendence of the ripening mechanisms (Figure 7.1(b)). Statistical evaluation of the cluster
heights was performed. Thus, atom di�usion, also named Ostwald ripening and clus-
ter di�usion, also named Smoluchowski ripening, could be distinguished systematically.
Hence, it was shown that strong interactions between cluster and support favor atom dif-
fusion, while weak cluster-support interactions favor cluster di�usion. The periodically
wettable surfaces, graphene, h-BN and TiO

2

, i.e. surfaces with periodic assembly sites,
which are strongly and weakly interacting with the clusters, increase the cluster stability.
This correlates with the observations that the clusters built up in 3D on graphene and
h-BN substrates and on TiO

2

. They formed for Pd
19

2 and 3 atomic layers high clusters
and grew further in height via the formation of larger clusters by annealing. In contrast
to this, the clusters on blank Rh(111) were exclusively 1 layer high, i.e. grew in 2D.
This knowledge was used to select appropriate systems to get further insights on the
di�erent ripening mechanisms. The local processes of the di�erent ripening mechanisms
could be monitored by in situ STM measurements. Pd

19

clusters on g/Rh(111) were
observed to di�use as intact clusters along the Moiré cells. This was accompanied by
merging of several clusters - an evidence for cluster di�usion. Further on, the clusters
reshaped frequently, laterally and also in height. Height changes of mostly 40 pm and
rarely up to 200 pm appeared. The smaller changes were addressed to the presence of
additional atoms on top of the clusters. The larger changes were addressed to the forma-
tion, respectively to the deconstruction, of 1 additional layer, i.e. to intermittent changes
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between 2 and 3 atomic layers in height. Further on, the clusters changed laterally be-
tween hexagonal and more trigonal shapes. All these processes indicate the presence of
perimeter di�usion, i.e. the di�usion of atoms on the cluster surface. Furthermore, it is
expected that the formation of cluster isomers by the perimeter di�usion, which inhere
smaller interactions to the support, triggers the cluster di�usion, whereas the formation
of isomers with lower coordination of the perimeter atoms triggers the atom di�usion.
In contrast to this, the ripening of Pd

19

on Rh(111) took place by the di�usion of single
atoms, an evidence for atom di�usion. Thereby, the atoms could not be detected on the
surface. This indicated that they have short residence times on the surface and that
the atom detachment from the clusters is the rate determining step. The ripening took
place stepwise by loss of complete cluster facets. This indicated a strong influence of
the coordination number of the Pd atoms at the cluster perimeter onto the ripening
mechanism. Also, reshaping of the cluster was detected. This is ascribed to perime-
ter di�usion. Furthermore, after shrinking to about Pd

6

the clusters started to di�use
over dozens of nanometers. Thus, cluster size dependent shifts between the dominating
ripening mechanisms were observed. On a relative size scale, which is assumed to be
set by the intrinsic interaction strength and corrugation of the used cluster and support
materials, the perimeter di�usion was dominating for large clusters, atom di�usion for
intermediate clusters and cluster di�usion for small clusters.

Third, the stepwise cluster growth was employed by annealing the initially size-selected
Pd clusters on g/Rh(111), h-BN/Rh(111), g/Ru(0001) and h-BN/Ru(0001) in 100 K
steps up to at least 700 K to observe cluster size dependent properties. Thereby, clus-
ter size dependent adsorption site shifts were detected on the rather weakly corrugated
graphene supports (Figure 7.1(c)), whereas on the stronger interacting h-BN supports,
having a strong preference for atom di�usion, such shifts were not observed. Thus, it
was concluded that the observation of a shift of the cluster adsorption site requires clus-
ter di�usion at the present cluster sizes. Furthermore, the absence of another beneficial
binding site within a supercell is assumed to suppress the shift of the adsorption site.
Further on, preliminary experiments were exerted, by employing Pd

19

and Pd monomers
on g/Rh(111), on cluster size and ripening mechanism dependence of the cluster mor-
phology. Thereby, clusters built up higher, respectively wet the surface less, than clusters
grown by Pd monomer dosage onto pre-dosed Pd

19

, if they were grown by cluster di�u-
sion.
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Fourth, size-selected and unselected Pd clusters were deposited onto Rh(111), Ru(0001)
and g/Rh(111) at various energies up to 1,000 eV, i.e. at so-called hard-landing condi-
tions (Figure 7.1(d)). Clusters could be immobilized on graphene films by this approach.
Hence, hard-landing could be used to stabilize clusters on graphene films to use them
under harsh conditions, without loosing steric access to the clusters, due to the 2D kind
of coordination of the graphene film. But, the clusters fragmented by the used approach
and lost their size-selection.
Also, the impact of various cluster sizes on the blank metals yielded in di�erent impact
patterns. Furthermore, graphene acted as a template for the impact patterns, respec-
tively for the clusters formed via the impact. Thereby, the clusters were captured below
the top sites of graphene. This could be used to seal and to stabilize clusters, especially
small ones below Pd

~6

in size, which are not stable on top of the studied supports. Fi-
nally, all studies indicated that the impact pattern depends on the cluster size and on
the impact energy.

To sum up, the lattice mismatch at interfaces is the dominant fundamental property
for the mentioned observations. It determines, among other e�ects, the lattice strain,
the film corrugation, the adsorption morphology and the cluster morphology.
Several processes were observed, which showed non-scalable behavior according to clas-
sical parameters like the cluster size. Nevertheless, specific parameters, dependent on
the geometric structure, e.g. the coordination number, were identified, to whom clus-
ters of intermediate size, i.e. down to ~10 atoms, were in first order scalable. But, for
clusters below this size the scalability also to these properties got lost and the electronic
structure became eventually dominating.

As an outlook, the processes concerning the cluster di�usion shall be further revealed.
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Diese Arbeit klärte das Reifungsverhalten von Clustern auf Graphenoberflächen auf, um
Einblicke über die Stabilität von Nanopartikeln im Allgemeinen zu erhalten. Dies ist
von großem Interesse um gewünschte Partikeleigenschaften zu bewahren, etwa im Be-
reich der Katalyse.
Die Studie verwendete eine Laserverdampfungsclusterquelle, welche während der Promo-
tion optimiert wurde, um größenselektierte Cluster zu erzeugen. Rastertunnelmikrosko-
pie (STM) bei variablen Temperaturen wurde verwendet, um die Proben auf der lokalen
Skala zu untersuchen. Temperatur programmierte Desorption(TPD), welche durch
das Anfügen eines sogenannten Feulner Konuses an ein Quadrupolmassenspektrometer
(QMS) verbessert wurde, und Auger-Elektronen-Spektroskopie wurden als komplemen-
täre, integrale Messmethoden benutzt.

Die Arbeit ist in vier Ergebnisbereiche unterteilt, die Bildung von hochqualitativem
Graphen und den entsprechenden Zwischenprodukten, ausgehend von Kohlenwasser-
sto�en (Figure 7.2(a)), die Abhängigkeit der Cluster-Reifungsmechanismen vom Träger-
material (Figure 7.2(b)), die Abhängigkeit der Cluster-Adsorptionsplätze von der Clus-
tergröße und dem Trägermaterial (Figure 7.2(c)) und die Abhängigkeit des Einschlag-
musters und des Template�ekts von Graphen von der Clustergröße und der Einschlags-
energie (Figure 7.2(d)). Dabei behandeln die letzten drei Bereiche die Clusterstabilität,
beziehungsweise die Cluster-Träger-Wechselwirkung.

Erstens wurden Experimente mit Ethen bei verschiedenen Temperaturen durchgeführt,
um Einblicke in den Reaktionspfad hin zu Graphen zu erhalten, das heißt über die
organische Chemie, welche auf Rh(111) und Ru(0001) auftritt (Figure 7.2(a)). Diese
Experimente wurden in situ und ex situ durchgeführt, das heißt die Proben wurden
entweder außerhalb des STM geheizt und anschließend im STM bei Raumtemperatur
gemessen oder die Probe wurde direkt während der STM-Messungen unter Reaktions-
bedingungen auf bis zu 881 K geheizt. Dadurch konnte der Reaktionspfad von Ethen
zu Graphen, einschließlich zahlreicher Zwischenprodukte und Mechanismen in bisher
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unerreichter Qualität aufgelöst werden. Folgende Zwischenprodukte konnten bei schritt-
weiser Erhöhung der Temperatur bis zu 823 K aufgelöst werden: Ethen, Ethylidin,
eindimensionale polyaromatische Kohlenwassersto�ketten (1D-PAH-Ketten), 1D-PAH-
Ketten mit Coronen-artigen Enden, zweidimensionale Kohlensto�cluster, Agglomerate
von zweidimensionalen Kohlensto�clustern, Graphen-Inseln und ausgedehntes Graphen.
Das C:H-Verhältnis dieser Verbindungen stimmt hierbei mit dem Wassersto�verlust bei
zunehmenden Temperaturen im TPD überein. Ferner wurde durch die Beobachtung ver-
gleichbarer Strukturen beim Ersatz von Ethen durch 1-Buten, 1,3-Butadien und Benzol
gezeigt, dass der Reaktionspfad für versciedenste Kohlenwassersto�e gilt. Des Weiteren
zeigten Vorversuche mit Borazin, dass die Bildung von 1-dimensionalen Ketten nicht auf
Kohlenwassersto�e beschränkt ist.
Außerdem konnten die Bedingungen der Graphen-Synthese so verbessert werden, dass
diese Synthese auf Rh(111) und Ru(0001) reproduzierbar in hoher Qualität möglich
ist. Dies ist nötig, da zur Ausbildung eines Modellsystems möglichst keine Fehlstellen
vorhanden sein sollten und zur Ausbildung von fehlerfreien Filmen auf einer Skala von
100 · 100 nm2 ~100000 Atome fehlerfrei angeordnet werden müssen. Im Detail muss
nach der Synthese von Graphen auf Rh(111) durch das Dosieren von 81 L Ethen bei
1123 K, der Temperaturbereich bis circa 823 K mit Kühlraten von mindestens 200 K/min
durchlaufen werden, um die Filmzersetzung zu unterdrücken und um einen Film hoher
Qualität zu erhalten. Im Gegensatz dazu führt die Synthese auf Ru(0001) durch die
Dosierung von 27 L Ethen bei 1223 K auch bei geringeren Kühlraten zu Graphen hoher
Qualität.
Hexagonale Bornitrid (h-BN)-Filme hoher Qualität wurden hergestellt, indem Rh(111)
bei 1093 K und Ru(0001) bei 1113 K jeweils 81 L Borazin ausgesetzt wurden.

Zweitens wurden ex situ Heizexperimente von größenselektierten Pd Clustern auf ver-
schiedenen Trägern bei bis zu 800 K durchgeführt. Diese Experimente ermöglichten Ein-
blicke in die Abhängigkeit der Reifungsmechanismen vom Trägermaterial
(Figure 7.2(b)). Die Clusterhöhen wurden statistisch ausgewertet. Dadurch konnten
die Atom-Di�usion, auch Ostwald-Reifung genannt und Cluster-Di�usion, auch Smo-
luchowski-Reifung genannt, unterschieden werden. Dabei fördert eine starke Wechsel-
wirkung zwischen Cluster und Träger die Atom-Di�usion, während bei einer schwachen
Cluster-Träger-Wechselwirkung die Cluster-Di�usion dominiert. Periodisch netzbare
Oberflächen, wie Graphen, h-BN und TiO

2

, d.h. Oberflächen mit periodischer Anord-
nung von stark und schwach an die Cluster bindenden Stellen, erhöhen die Stabilität der
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Cluster. Dies korreliert mit der Beobachtung, dass sich auf den Graphen- und h-BN-
Oberflächen und TiO

2

dreidimensionale Cluster ausbildeten. Diese sind im Fall von
Pd

19

2 und 3 Atomlagen hoch und werden aufgrund der Bildung größerer Cluster durch
das schrittweise Aufheizen noch deutlich höher. Im Gegensatz dazu sind die Cluster auf
Rh(111) ausschließlich eine Lage hoch.
Mittels dieses Wissens wurden geeignete Systeme ausgewählt, um weitere Informationen
über die verschiedenen Reifungsmechanismen zu erhalten.
Die lokalen Reifungsprozesse, d.h. die Prozesse auf der atomaren Skala, konnten mit
in situ STM-Messungen beobachtet werden. Es wurde beobachtet, dass Pd

19

Clus-
ter als intakte Cluster auf g/Rh(111) entlang der Moiré-Zellen di�undieren. Hierbei
wurden auch zahlreiche Verschmelzungen von Clustern beobachtet - ein Nachweis für
Cluster-Di�usion. Die Cluster änderten häufig ihre laterale und vertikale Form. Hierbei
traten insbesondere Wechsel der Höhe von 40 pm, aber auch von bis zu 200 pm, auf.
Die kleineren Wechsel wurden der Anwesenheit von Atomen in einer zusätzlichen Lage
zugeordnet und die großen Wechsel der Ausbildung oder der Rückbildung einer zusätz-
lichen Atomlage, d.h. dem Wechsel zwischen 2 und 3 Atomlagen in der Höhe. Lateral
traten Wechsel zwischen hexagonaler und eher trigonaler Form auf. All diese Prozesse
weisen auf Perimeter-Di�usion, d.h. auf die Di�usion von Atomen auf der Clusterober-
fläche hin. Des Weiteren wird vermutet, dass die Ausbildung von Isomeren durch die
Perimeter-Di�usion, welche eine geringere Wechselwirkung zum Träger aufweisen, die
Cluster-Di�usion steuert, beziehungsweise initiiert, während die Bildung von Isomeren
mit gerinerer Koordinationszahl die Atom-Di�usion initiiert.
Im Gegensatz dazu lief der Reifungsprozess von Pd

19

auf Rh(111) mittels der Di�u-
sion einzelner Atome ab, d.h. mittels Atom-Di�usion. Die einzelnen Atome konnten
nie auf der Oberfläche abgebildet werden. Dies weist darauf hin, dass die Atome sehr
schnell über die Oberfläche di�undieren und entsprechend die Abtrennung der Atome
vom Cluster der geschwindigkeitsbestimmende Schritt ist. Der Reifungsprozess fand
schrittweise statt, wobei sich Clusterfaceten quasi konzertiert ablösten. Dies weist auf
einen großen Einfluß der Koordinationszahl der Pd Atome am Rand der Cluster auf
den Reifungsmechanismus hin. Außerdem wurde eine Restrukturierung der Cluster
beobachtet, ein Hinweis auf die Di�usion von Atomen entlang der Clusteroberfläche,
d.h. auf Perimeter-Di�usion. Des Weiteren begann ein Cluster, nach Schrumpfung zu
Pd

~6

, über Dutzende von Nanometern zu di�undieren. Dies ist ein Nachweis für die Ab-
hängigkeit der Reifungsmechanismen von der Clustergröße und einen Wechsel zwischen
den jeweils dominierenden Mechanismen. Auf relativer Skala, welche von der intrinsi-
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schen Stärke und Modulation der Wechselwirkung zwischen den verwendeten Cluster-
und Trägermaterialien abhängt, dominiert die Perimeter-Di�usion für große Cluster, die
Atom-Di�usion für Cluster mittlerer Größe und die Cluster-Di�usion für kleine Cluster.

Drittens wurde schrittweises Cluster-Wachstum von ursprünglich größenselektierten Pd-
Clustern auf g/Rh(111), h-BN/Rh(111), g/Ru(0001) und h-BN/Ru(0001) durch Aufhei-
zen auf bis zu 700 K in 100 K Schritten angewendet, um cluster-größenabhängige Eigen-
schaften zu beobachten. Dabei wurden clustergrößenabhängige Adsorptionsplatzwechsel
auf den bezüglich der Bindungsenergie eher schwach modulierten Graphen-Oberflächen
nachgewiesen (Figure 7.2(c)), während auf den stärker modulierten h-BN-Oberflächen,
für welche eine Präferenz zur Atom-Di�usion gezeigt wurde, solche E�ekte nicht beo-
bachtet wurden. Daraus wurde gefolgert, dass das Auftreten eines Adsorptionsplatz-
wechsels Cluster-Di�usion bei den vorliegenden Clustergrößen voraussetzt. Außerdem
wurde ein gewisser Einfluß der Distanz zwischen den bevorzugten Adsorptionsplätzen
vermutet, da größere Distanzen den Adsorptionsplatzwechsel hin zu größeren Cluster-
größen verschieben sollte.
Ferner wurden, mittels Pd

19

und Pd-Monomeren auf g/Rh(111), Vorversuche durchge-
führt, um den Einfluß der Clustergröße und der Reifungsmechanismen auf die Clus-
terform zu untersuchen. Hierbei bildeten durch Cluster-Di�usion gewachsene Cluster
bei gleicher Clustergröße höhere Cluster aus, beziehungsweise benetzten die Oberfläche
weniger, als wenn sie durch Pd-Monomer-Dosierung auf vorher dosierte Pd

19

Cluster
erzeugt wurden.

Viertens wurden größenselektierte und unselektierte Cluster auf Rh(111), Ru(0001)
und g/Rh(111) mit verschiedenen Energien von bis zu 1000 eV deponiert, d.h. unter
harten Depositionsbedingungen (Figure 7.2(d)). Mit diesem Ansatz konnten Cluster auf
Graphen-Filmen verankert werden. Deshalb könnte diese Methode genutzt werden, um
Cluster so zu stabilisieren, dass man sie unter drastischen Bedingungen einsetzen kann,
ohne den sterischen Zugang, aufgrund der 2D-Koordination des Graphens, zu den Clus-
tern zu verlieren. Durch diesen Ansatz fragmentierten die Cluster jedoch und verloren
so ihre Größenselektierung.
Außerdem agierte Graphen als Templat für das Einschlagmuster und der Einschlag
von Clustern verschiedener Größen mündete in der Ausbildung verschiedener, quan-
tisierter Einschlagsmuster. Dabei wurden Cluster unter den top-Positionen des Graphens
eingeschloßen. Dies kann dazu genutzt werden kleine Cluster, z.B. unter Pd

~6

, welche
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auf den untersuchten Oberflächen nicht stabil sind, zu isolieren und zu stabilisieren.
Schließlich weisen alle Studien darauf hin, dass das Einschlagsmuster von der Cluster-
größe und der Einschlagsenergie abhängt.

Zusammenfassend ist der Unterschied der Gitterparameter an den Grenzflächen die do-
minierende grundsätzliche Eigenschaft für die genannten Beobachtungen. Er legt, neben
anderen E�ekten, die Gitterspannung, die Wellung des Films, die Bindungsgeometrie
und die Clusterform fest.
Zahlreiche Prozesse wurden beobachtet, welche ein gegenüber klassischen Messgrößen
wie der Clustergröße nicht-skalierbares Verhalten zeigten. Jedoch wurden spezifische,
von der geometrischen Struktur abhängige Messgrößen, wie etwa die Koordinationszahl
der Atome, identifiziert, für welche Cluster mittlerer Größe, das heißt hinab bis zu ~10
Atomen, weitgehend skalierbar waren. Für Cluster unterhalb dieser Größe ging jedoch
auch diese Skalierbarkeit verloren und die elektronische Struktur wurde schließlich do-
minierend.

In Zukunft sollten die der Cluster-Di�usion unterliegenden Prozesse weiter untersucht
werden.
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LEED Low Energy Electron Di�raction

LEEM Low Energy Electron Microscopy

HREELS High-Resolution Low Energy Electron Loss Spectroscopy

DFT Density Functional Theory

SPM Scanning Probe Microscopy

AFM Atomic Force Microscopy

UHV Ultra High Vacuum

FASTSTM Fast Acquisition of SPM Timeseries Scanning Tunneling Microscopy

AES Auger Electron Spectroscopy

QMS Quadrupole Mass Spectrometer
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Abbreviations and Units

h-BN hexagonal Boron Nitride

Nd-YAG Neodymium-doped Yttrium Aluminum Garnet

PAH Polycyclic Aromatic Hydrocarbon

fcc face centered cubic

hcp hexagonal close packed

1D one-dimensional

2D two-dimensional

3D three-dimensional

FFT Fast Fourier Transform

XPS X-ray Photoelectron Spectroscopy

TEM Transmission Electron Microscopy

C:H carbon to hydrogen

rf radio frequency

List of Units
ms
s
min
eV
pm
Å
nm
mm
L
a.u.
Hz
rad
~

millisecond
second
minute
electron volt (1.609 · 10≠19kgm

2

s

2 )
picometer (1·10≠12m)
Ångström (1·10≠10m)
nanometer (1·10≠9m)
millimeter (1·10≠3m)
Langmuir (1.33 · 10≠9 bar·s)
arbitrary unit
Hertz (s-1)
radian
reduced Planck constant (1.055 · 10≠34 kg m

2

s

2 )

time
time
time
energy
length
length
length
length
amount of substance
relative unit of measure
frequency
radian measure
energy
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