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Summary

Sintering is one of the major routes for deactivation of surface-supported catalytic
particles in heterogeneous catalysis. Therefore, the first part of this thesis deals with the
characterization of cluster ripening. The two mechanisms responsible for such coarsening
phenomena are Ostwald ripening, where larger clusters tend to grow at the expense of
smaller ones, and Smoluchowski ripening, where entire clusters diffuse and coalesce. The
sintering properties of cluster-assembled materials can be tuned by the interaction
between the particle and the substrate. In order to explore fundamental factors that
control cluster ripening mechanisms, truly monodisperse Pd clusters are deposited on
three different model catalysts: bare Rh(111), graphene-Moiré films grown on Rh(111) and
Ru(0001), as well as a hexagonal boron nitride film grown on Rh(111). The evolution of
particle size and density was tracked by high resolution scanning tunneling microscopy.
The principal microscopic mechanisms governing the ripening processes on each of the
three substrates have been determined from thorough data analysis of the cluster heights
and size distributions. The ripening mechanisms were related to the distinct cluster
adsorption and atom detachment energies obtained from first-principle calculations.
These results elucidate the ripening processes and underlie formulation of a strategy for
optimizing cluster stability against ripening, where both the binding of the clusters to the
surface, as well as that of the individual atoms must be controlled. Such tuning of the
interactions may be achieved through suitable selection of surfaces with laterally

modulated wettability.

The second part of the thesis deals with the dynamic characterization of cluster diffusion.
This includes the implementation of an Atom Tracking (AT) technique, which enables to

track the cluster’s position on the surface with high lateral precision and high resolution in



time. In this way, the diffusion of Pd;. clusters on graphene/Rh(111) could be tracked with
an observed movement that permits to relate it to anomalous diffusion of superdiffusive
behavior (Lévy flights). Furthermore the influence of tip bias and CO gas dosing on the AT
measurements has been tested. The technique opens up new possibilities for
investigating cluster diffusion on different length scales, e.g. the graphene Moiré cells
(scaled up to 100 nm), but also within the cells (atomic scale). AT measurements at
variable temperatures will enable in the future to determine activation energies and
entropies and thus to get further insights into the interplay between clusters and

substrate.



Zusammenfassung

In der heterogenen Katalyse ist das Sintern von getragerten, katalytisch aktiven Partikeln
eine der Hauptgrinde flir deren Deaktivierung. Aus diesem Grund beschaftigt sich der
erste Teil dieser Dissertation mit der Charakterisierung dieses Prozesses. Die zwei
Mechanismen, welche bei diesem Vergréberungsprozess eine tragende Rolle spielen,
sind auf der einen Seite Ostwald Reifung, wobei gréBere Cluster auf Kosten kleinerer
Cluster wachsen, und auf der anderen Seite die Smoluchowsky Reifung, bei welcher
ganze Cluster Uber die Oberflaiche diffundieren, aufeinander treffen und miteinander
verschmelzen. Die Sintereigenschaften der getrdgerten Cluster kbnnen dabei durch die
Wechselwirkung zwischen Cluster und Oberflache abgestimmt werden. Um die
Clusterreifungsmechanismen kontrollierenden, grundlegenden Faktoren zu bestimmen,
wurden monodisperse Pd Cluster auf drei verschiedene Oberflachen, welche als
Modellkatalysatoren fungieren, dosiert: eine blanke Rh(111) Oberflache, ein auf Rh(111)
und Ru(0001) gewachsener Graphenfilm, sowie eine auf Rh(111) gewachsene Schicht aus
hexagonalem Bornitrid. Die Entwicklung der PartikelgréBe und Partikeldichte wurde mit
hochauflésender Rastertunnelmikroskopie (STM) dokumentiert. Die vorherrschenden
mikroskopischen Mechanismen, welche die Reifungsprozesse auf jedem der Substrate
steuern, wurden durch sorgfaltige Analyse der Clusterhdhe und der GréBenverteilung
bestimmt. Die Reifungsmechanismen wurden dabei den durch theoretische
Berechnungen bestimmten Clusteradsorptionsenergien und Atomablésungsenergien
zugeordnet. Die Resultate dieser Studie bringen Licht in die Prozesse, welche bei der
Clusterreifung auftreten und filhren zur Formulierung einer Strategie, um die Cluster
gegen Reifung zu schitzen. Diese Strategie beinhaltet eine genaue Kontrolle sowohl der

Cluster-Substratbindung als auch der Bindung der einzelnen Atome untereinander. Dies



kann durch geeignete Wahl von Oberflaichen mit lateral modulierter Netzbarkeit

kontrolliert werden.

Im zweiten Teil dieser Dissertation wird die Untersuchung der Diffusion von Clustern auf
dynamische Art weitergefiihrt. Die Implementierung einer “Atom Tracking” Technik
ermdglicht es die Position eines Clusters auf der Oberfliche mit hoher lateraler
Genauigkeit und hoher Zeitaufloésung zu bestimmen. So konnte die Diffusion von Pdi.
Clustern, welche auf eine auf Rh(111) gewachsenen Graphenschicht dosiert wurden,
beobachtet werden. Die Art der Bewegung deutet auf anomale Diffusion und ein
superdiffusives Verhalten hin (Lévy-Flige). Des Weiteren konnte der Einfluss der an der
Spitze angelegten Spannung oder der Dosierung von Kohlenmonoxid auf die Messung
untersucht werden. Die Implementierung der “Atom Tracking” Technik 6ffnet die Tur fur
weitere Untersuchungen von Clusterdiffusion auf verschiedenen Langenskalen, z.B. die
Diffusion Uber einzelne Moiré Zellen der Graphenschicht hinweg (bis zu 100 nm), wie auch
innerhalb von Moiré Zellen (atomare Skala). AT Messungen bei héheren Temperaturen
werden es in Zukunft erméglichen Aktivierungsenergien und Aktivierungsentropien zu
berechnen. Dies wird zu einem besseren Einblick in die Wechselwirkung zwischen Cluster

und Oberflache fUhren.



Introduction

In this thesis, size-selected Pd clusters, which have been deposited on superstructured
surfaces, have been characterized in view of their diffusion and ripening properties. After
a short introduction into the main experimental methods used in this thesis, in a first part,
this characterization is focused on the different ripening mechanisms that act upon
heating the substrate. The main objective of this part is to understand how these ripening
mechanisms work, how they can be discerned and which diffusing species are
responsible for each mechanism. The results from this study have already been published
in ChemCatChem in 2013, The respective reprint permission can be found in the end of
the thesis. The theoretical calculations for this study have been provided by B. Yoon and
U. Landman from Georgia Institute of Technology, Atlanta. As this study results from the
statistic evaluation of large scale STM images, it is nhamed static characterization of

cluster diffusion and ripening.

In order to get more information on the processes that occur during the ripening of metal
clusters on surfaces, the second part of this thesis deals with the dynamic
characterization of cluster diffusion and ripening. The main goal of this chapter is to
elucidate and explain the cluster’s trace over the surface during the diffusion. For this
characterization an Atom Tracking technique is used that enables to record the position

of the cluster in real time and relate it to the support.

Each of the parts include a description of the state of the art, an experimental part, which
gives detailed information about the experimental methods, a presentation of the results

of the study and a discussion of these results.

The thesis is completed by a joint conclusion and outlook, and important references are

given.



Experimental Methods

Size-selecting cluster source

The size-selected Pd clusters are produced by a dedicated high-frequency laser
evaporation cluster source that has been developed by the group.?? Upon evaporation of
the cluster material from a target by a laser pulse of a frequency-doubled Nd:YAG laser,
the resulting plasma is cooled down by a He pulse and driven through a nozzle, upon
which clustering as well as cooling by adiabatic expansion occurs. The clusters are then
driven through einzellenses, an octupole and a bender that selects a specific charge sign
(here: cations). The clusters are then size-selected in a quadrupole mass selector and
finally deposited on the substrate. The kinetic energy of the impinging clusters was
controlled to be low enough (mean kinetic energy of 3 eV, with half-width at half
maximum of ~3 eV) so that non-destructive, soft-landing conditions were fulfilled. The
clusters were deposited at RT. The cluster density could be controlled by measuring the
cluster current and the deposition time. An efficient pumping system reduces the
background pressure continuously from the cluster source on, so that deposition can be
performed at a base pressure of 1-10° mbar, which is mainly due to the He gas pressure.

This ensures the cleanliness of the substrate.

Substrate preparation

The Rh(111) crystal was cleaned by repeated cycles of Ar* sputtering and consecutive
annealing at 1223 K. The graphene monolayer on Rh(111) was prepared by exposing the
sample to ethylene (6:10 mbar) for 3 min at 1123 K. An efficient and fast cooling of the
crystal after substrate preparation is of utmost importance, because carbon atoms
dissolve in the bulk when cooling down. This ensures a perfect substrate qualityand leads

to a well-ordered Moiré structure that has been extensively described in the literature.®!



The h-BN-Moiré structure on Rh(111) was prepared accordingly by exposing the crystal
to borazine (6-107 mbar) for 3 min at 1108 K. Structural and theoretical investigations on

this nanomesh can be found in the literature.™

Scanning Tunneling Microscopy

In the early 1980s Binnig and Rohrer revolutionized the scientific world by inventing a new
type of microscope, the Scanning Tunneling Microscope (STM) that enabled scientists to
break through beyond the limitation of optical microscopy techniques.® Using the
quantum mechanical concept of electron tunneling and assuming that a bias difference is
applied between a scanning tip and a sample, a tunneling current flows when both are at
a very short distance. Due to the fact that the measured tunneling current is extremely
distance sensitive, scanning of the surface and regulation of the distance to the current
leads to a topographic image of the surface; this predominantly used mode is called
constant-current mode. For flat substrates one can also imagine to control the distance

and record the tunneling current (constant-height mode).®

This new technique opened up the possibility to image very small structures and even
atoms, and together with electron miscroscopy the spatial limit of optical microscopy was
overcome. STM techniques involve tunneling electrons and high local fields at distances
above chemical bond lenght that can provoke molecular motion, enabling additional
experiments,I”’ like manipulation experiments, but also the forming and breaking of
chemical bonds on an extremely local and thus selective level.®! Whereas the tunneling
current integrates over all accessible states from the Fermi level to the applied bias,
dedicated spectroscopy measurements based on bias modulation can give further

access to the density of states at a given bias.



Our laboratory is equipped with an Omicron VT-AFM, combining STM and AFM, and able

to be operated at variable temperatures.



Chapter I:

Static characterization of cluster diffusion and ripening
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State of the art

Heterogeneous catalysis is involved in most of the fundamental processes in modern
chemical and petrochemical industries, making investigation of catalyst deactivation
processes that lead to loss of activity and selectivity and decreased lifetime of the
catalysts, both timely and of utmost importance. In general, one may distinguish four
main deactivation mechanisms of heterogeneous catalysts: poisoning, coking, phase
transitions and sintering. The first three processes can be related to complicated
chemical changes, whereas sintering, i.e. particle coarsening, is commonly driven by
thermodynamic processes that operate at elevated temperatures, as for example in the
case of steam reforming of methane on oxide supported Ni particles at temperatures up
to 1300 K. The coarsening of catalytically active particles, often occurring
concomitantly with the collapse of support pores or channels at elevated temperatures,
results in a dramatic reduction of the active catalytic surface area and a loss of particle
size specific properties.[''! Consequently, the activity of the catalyst drops.

The main driving force for catalytic sintering is the minimization of the total surface energy
of the system. In contrast to most other deactivation mechanisms, sintering is normally
irreversible, cannot be cured, and hence needs to be prevented from the start. Although
the sintering rate can be readily assessed in industrial catalytic systems, rather little is
known about the molecular mechanisms, as a result of the complex nature of catalytic
structures, which often consist of metal particles loaded in, or supported on, porous
oxides. In contrast, model catalysts, such as well-dispersed metal clusters on oxide thin
films supported on metal/semiconductor single crystals,'? represent a well-defined

chemical environment that can be investigated by surface sensitive techniques.
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Two main mechanisms are found to be responsible for cluster sintering (see Figure 1):
The first one is Ostwald ripening (OR), where larger clusters grow at the expense of
smaller ones. The clusters are supposed to be sufficiently immobile, so that mass
transport occurs only by diffusion of atoms (or small intermediates) that detach
preferentially from the smaller clusters. This is a consequence of their higher, curvature-
dependent, vapor pressure due to the Gibbs-Thomson effect. This phenomenon was first

described by Ostwald in 1900 for colloidal systems.['®!

Figure 1. Upper left: Schematic representation of a Smoluchowski ripening process. The
clusters are mobile and diffuse over the surface. They eventually collide and merge. Lower
right: Schematic representation of an Ostwald ripening process. Mobile species leave a
cluster and diffuse over the surface before being catched by another cluster. Larger cluster
grow at the expense of smaller clusters.

The second ripening mechanism that we consider involves cluster coalescence, called
also Smoluchowski ripening (SR). In this mechanism particle migration and coalescence

occur, with entire clusters diffusing over the surface and eventually colliding and merging
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into larger clusters. This mechanism was first described by Smoluchowski in 1916 for

coagulation processes in colloids.!"

Theoretical models have been developed for the abovementioned ripening mechanisms
to describe the profile of the particle size distribution (PSD), based on an analysis of the
particles’ dimension over the entire ripening process. In the case of OR, the kinetics of
the process can be described by the Lifshitz-Slyozov-Wagner theory (LSW).!"® This theory
was originally derived for precipitation and coalescence in solid solutions, but adapted by
Chakraverty in order to describe grain size distributions in discontinuous thin films.!'!
More recently, Finsy further developed this theoretical approach to predict the PSD
profile for the following conditions: (1) the particles are fixed in space, (2) they do not
interact, (3) the coverage of the diffusing species is constant outside two radii of the
particles, and (4) transport occurs via diffusion between particles.l"® This PSD depends
only on the particle diameter, scaled by the average diameter. The OR process can be
limited either by diffusion control, where diffusion of the atoms is the rate limiting step, or
by interface control, where the detachment of atoms from the clusters is the rate limiting
step. In either case the PSD reaches a self-similar shape with a tail in the small diameter
regime, resulting from the continuous supply of small clusters. While smaller clusters form
on the surface, initially the total cluster coverage (number of particles) remains constant

and the maximum of the PSD does not shift significantly.

For the SR mechanism, Granqvist and Buhrman showed that the PSD corresponds to a
log-normal distribution function, which is skewed towards higher particle size.'¥ Since
smaller particles tend to be more mobile, they have a higher probability to sinter and to

disappear. This consumption of small particles leads to a sharp cutoff of the PSD function
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at lower particle diameters, to an immediate shift of the PSD maximum upon ongoing

ripening and to an immediate decrease of the total cluster coverage.
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Figure 2. Particle size distribution showing the clusters’ normalized dimension after a
Smoluchowski ripening (log-normal function, left side, after [19]) and an Ostwald ripening
(right side, after [18]) dominated process. The distributions are self-similar when scaling the
particle radius on the average value.

The process of SR can either be limited by migration or by coalescence. By calculating
the coalescence time for small Pt clusters, assuming that they are spherical and do not
wet the substrate, Wynblatt and Gjostein showed that, for particles smaller than 5 nm in

diameter, coalescence occurs so fast that migration becomes the rate limiting step.?%

Over the last decade, several experimental studies were performed to investigate ripening
processes on real catalysts as well as on model catalyst systems. We focus here on
those studies that attempted to infer from the PSD, which of the two mechanisms was
leading to ripening. Datye et al. investigated ripening of technically relevant supported
catalysts (e.g. Pd and Pt particles on alumina) by transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM).2" While modulating the
experimental conditions in such a way as to obtain the OR mechanism or the SR, the

resulting PSD were always characterized by a log-normal distribution function with a tail
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towards larger particle diameters. The authors concluded that a deduction of the ripening
mechanism is not possible just based on the PSD profile. Simonsen et al. used a planar
support of amorphous Al,O; to investigate the ripening of Pt clusters by TEM.?? They
showed that the ripening of the particles is mediated by OR and that the shape of the
PSD changes during the ripening process sequentially from a Gaussian profile to the
distribution predicted by the LSW theory, i.e. skewed towards lower particle size. In
contrast to the work of Datye et al., Simonsen et al. concluded that their experimental
conditions, i.e. the uniform flat support and the homogeneous initial distribution, were
closer to the assumptions made in the LSW model. A more clearly defined model system
was adopted by Jak et al. by investigating the growth of small Pd particles on TiO»(110)
using scanning tunneling microscopy (STM).l'*@ The prevailing mechanism for ripening in
this system is regarded to be SR for several reasons: the cluster density decreases
dramatically with time, the PSD obtained at elevated temperatures fits better to a log-
normal distribution function, and mobile clusters on the surface are already observed at
room temperature (RT). Upon ongoing ripening and formation of large nanoparticles,
however, another study on this system by Howard et al. ™ attributed the ripening process

to the OR mechanism.

From the above case studies it gets obvious that the shape of the PSD cannot serve as
the only conclusive, discriminating identifier of the ripening mechanism, particularly when
starting from an initial broad PSD that convolves with the final PSD resulting from the
evolved ripening process.['® 2281 These uncertainties, as well as other factors that
complicate the assignment of the ripening mechanism, have been discussed and debated

in some detail.l"®
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Unlike previous studies, this work starts with truly monodisperse Pd clusters that have
been size-selected and soft-landed on highly ordered substrates. This presents the
unique advantage of well-defined initial conditions. Furthermore, high-resolution STM is
used as a tool for determining the PSD and therefore the full range of cluster sizes can be
detected without a lower size bound, unlike TEM studies that have limitations to resolve
the smallest particles. To the best of my knowledge, the ripening behavior of size-
selected clusters, containing several tens of atoms, has been studied experimentally
earlier once, by the group of Kappes. " However, that electron microscopy study of the
ripening of Au clusters on an amorphous carbon surface lacked control on substrate
quality and did not have sufficient lateral resolution to distinguish directly between the OR
and SR mechanisms. Furthermore, the diffusion coefficients derived in that study seemed
to indicate enhanced OR with increasing cluster size. The authors attempted to explain
this contradictory finding by suggesting effects related to the deposition process and

cluster-substrate interactions.

Size-selected Pd clusters are deposited on three well defined substrates, i.e., a bare
metallic Rh(111) surface, graphene-Moiré films on Rh(111) and Ru(0001), as well as a
hexagonal boron nitride (h-BN) film grown on Rh(111). These substrates differ in their
atom and cluster adsorption strength; the films are (Moiré) superstructures with laterally
modulated wettability of comparable long-range order.?¥ The evolution of the ripening
processes has been investigated by annealing to different temperatures, in order to
deduce the dominating mechanism for each temperature range. Based on highly resolved
STM data from the monodisperse cluster samples, we construct PSDs from height
histograms. These histograms exhibit peaks that can be assigned to distinct layer heights,
unlike e.g. high quality STEM data, where, most often, continuous distributions are

observed (see e.g. Simonsen et al.”). The resolution obtained in the experiment thus
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allows for studies of the transition between various ripening regimes with unprecedented
detail. These experiments, in conjunction with first-principles density functional theory
(DFT) calculations, allow to gain important insights into the structural and energetic
factors that govern the operative atomic-scale mechanisms of mass-transport and

ripening.

The first chapter is organized as follows. Firstly the experimental and computational
techniques are presented in the experimental approach. In the next section the results of
the ripening studies are presented and discussed. This section will start with a system of
Pd clusters deposited on a bare Rh(111) surface, showing OR processes already at room
temperature. Investigations of Pd clusters adsorbed on a Moiré-patterned g/Rh(111) film
that exhibits ripening following the SR mechanism for temperature up to 600K will follow.
Between 600K and 700K, a crossover to the OR mechanism is observed. In comparative
experiments on the coarsening of Pd clusters on a g/Ru(0001) surface, the SR processes
are somewhat damped because of stronger binding to the surface (compared to the
g/Rh(111) surface), and the crossover to the OR mechanism occurs at a lower
temperature compared to the aforementioned g/Rh(111) case. Lastly, results for Pd
clusters are presented, which have been deposited on a g/h-BN Moiré-film where the
strong interaction between the adsorbed Pd clusters and the substrate suppress
completely cluster diffusion and coalescence and where coarsening is found to occur via

the OR mechanism.
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Experimental approach

Experiments

All STM images of the clusters have been taken with extremely low scan velocities in the
order of <100 nm/s, low bias magnitudes of <1 V and low tunneling currents, in order to
minimize the interaction with the tip. On the graphene substrates, particularly low
tunneling currents of 1 pA had to be chosen. The low scan velocities require extreme
imaging stability: In order to investigate large areas with statistical relevance, as in figures
7 and 9, the imaging conditions have to remain stable during several hours. Tip
convolution effects lead to apparent lateral dimensions much larger than the real ones,
whereas the cluster height determination (topographic maxima) is accurate, with an
overall precision down to the tenth of an Angstrom. The indicated histograms are
therefore based on the cluster height analysis, in contrast to diameter or area usually
indicated in TEM studies. The histograms are gained from large-scale images
(=15000 nm?), where initially several hundreds of clusters are present, while sufficiently
dilute cluster concentrations are maintained (10-10'* cm™®). In this study the Rh(111)
terraces were large enough, so that the considered clusters all lay on the same terrace.
Different terraces would have required an additional correction step in order to relate the
height of the cluster to the corresponding terrace. The vertical scale has been calibrated

by the step height of Rh(111), 2.20 A.

The images have been corrected by subtracting a plane and by aligning the median
values of adjacent horizontal rows. After automatic particle detection based on a fixed
threshold, the height distributions of the clusters have been determined in two different

ways:
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The g/Rh(111) sample shows a rather smooth, undulated topography on which also
minima can be reliably mapped by the STM tip. Here, horizontal profiles (of +3 nm length)
have been taken that cut through the cluster maxima. The cluster height is then

determined as difference between height profile maximum and profile minimum.

The h-BN/Rh(111) surface, instead, shows a flat topography with steep holes that have a
flat bottom. This bottom cannot be easily imaged by the STM tip and, if the film is not
perfect, as in this study, is measured with a depth that depends on the diameter of the
hole. The cluster height is therefore determined by referencing the cluster maxima to the
overall mean height of the surface around the clusters. Such a reference is reliable since
the background correction works perfectly on the whole imaged area (see Fig. 7). Due to
the much stronger interaction of the clusters with this substrate and since the film was
not perfectly uniform, the histogram shows not the well-separated peaks observed for
g/Rh(111). However, peak maxima in the height distribution can be assigned to layers, if a
height of one layer is assigned to the smallest clusters that appear in the 700 K histogram
(which is consistent with the observation that OR occurs). The thus required upshift in the
height values of 1.3 Ais larger than the depth of the h-BN holes of 0.6 A that has been

calculated by ab initio-DFT™*! and might be related to electronic effects.

Theory

Calculations were performed by B. Yoon and U. Landman (Georgia Institute of
Technology, Atlanta) using the VASP-DFT package, with a plane-wave basis (kinetic
energy cutoff of 400 eV), PAW pseudopotentials,?® and the PW91 generalized gradient
approximation (GGA) for the exchange-correlation potential.?® Since the unit cell used
here is rather large, a single k-point sampling of the surface Brillouin zone (SBZ) at I has

been used in most of the calculations; in previous calculations of graphene adsorbed on
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Ru(0001), employing the same unit cell (but with the lattice parameter of Ru) it has been
checked that the results remain essentially the same by employing (3x3x1) sampling of
the SBZ.B*! In optimization of the various structures, convergence was achieved for
forces smaller than 0.001 eV/A. The Rh(111) surface consisted of 3 layers with the
optimized Rh lattice parameter a=2.707 A, agreeing with the experimental value
(a=2.689 A); in structural relaxations the bottom layer of the substrate slab was held fixed.
In simulations of the adsorption of Pdis clusters, the supercell had an (11 x 11) lateral
periodicity of the 3-layer Rh(111) slab, a (12 x 12) layer of graphene, and a vacuum region
which was taken large enough to ensure no interaction between periodic replicas; for the
bare Rh(111) system, the vacuum region was taken as 20.7 A. for the bare g/Rh(111)
system, the vacuum region was taken as 19.7 A, and it was 16.3 A when a 2-layer Pds
cluster was adsorbed at the r-hcp site. The relaxed configuration of the (11 x 11) structure
exhibited a strong vertical modulation of the epitaxial graphene layer, with the highest C
atom lying 3.88 A above the underlying Ru topmost layer and the lowest-lying C atom

located at a distance of 2.06 A, resulting in a height modulation of 1.81 A.
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Results and Discussion

Pd clusters on Rh(111)

In the first part of this section the focus is on the ripening of metal clusters deposited on a
pure metal substrate. Metal substrate are believed to show a strong binding that could
prevent the ripening of cluster, but as it is shown in the following, the opposite is the case.

Fig. 3 shows a series of STM images of Pd1s clusters deposited on Rh(111).

Figure 3. Ripening of Pdis on Rh(111). (a) STM-image of Pdy, right after deposition at RT, (b)
after 7h 38 min, (c) after 17h, (d) after 17h 45 min. The clusters coarsen by Ostwald ripening:
Some get larger at the expense of smaller ones (see circle), whose mobility increases
dramatically when below a certain size (see arrow). Image size: 25 x 25 nm?2 Imaging
conditions: +1.0 V, 80 pA.

Fig. 3a displays the topography of the surface after deposition. The Pd+s clusters appear
as 1-layer-high protrusions that have all similar shape. The relatively low coverage
(25-10° clusters/nm?) has been chosen in order to prevent cluster collisions and merging
already at deposition and thus to assure the monodispersity of the sample. The finding of
a two-dimensional (2D), 1-layer-high structure of the Pdis clusters adsorbed on the bare
metal surface is supported by first-principles calculations that were performed by B. Yoon
and U. Landman at Georgia Institute of Technology, Atlanta. Indeed, these calculations
have shown (see Fig. 4) that the optimal geometry of the adsorbed cluster on the Rh(111)
surface is 2D (Fig. 4a), with the three-dimensional (3D), 2-layer isomer (Fig. 4b) having a

significantly higher energy (5.95 eV).
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Figure 4. Optimized atomic configurations obtained from first-principles DFT calculations for
Pdis clusters on bare Rh(111) (a-b) and on g/Rh(111) (c-d). On Rh(111), the most stable
configuration is 2D (1-layer) (a), whereas the 3D (2-layer) configuration is 5.95 eV higher in
energy (b). On the r-hcp sites of g/Rh(111), 3D structures are preferred, with a most stable
configuration of 2 layers (c), whereas the 3-layer configuration is only 0.54 eV higher in
energy (d). Rh substrate atoms are depicted by large green spheres (first layer), resp. orange
(second layer) and red spheres (third layer). Carbon atoms of the graphene-Moiré film are
depicted by small dark grey spheres (c-d). Pd cluster atoms in direct contact with the
underlying surface are depicted by dark blue spheres, resp. light blue (second cluster layer,
b-d) and white-blue spheres (third cluster layer, d). The calculations have been performed by
B. Yoon and U. Landman (Georgia Institute of Technology, Atlanta).

The STM images in Fig.3 b-d show the effects of the ripening process over several hours
under ultra-high vacuum (UHV) conditions at RT. The measurement was maintained
stable enough to observe the same area over a period of 12 hours. About 7 hours after
the deposition, some Pd clusters have grown in size, whereas others become smaller.
The most prominent example of one cluster shrinking and another growing in size are the

two adjacent clusters marked by a circle (Fig. 3a,b). Whereas the large Pd clusters stay
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immobile during the ripening process, the shrinking cluster marked by an arrow moves
from its position after 17h and starts to diffuse over the surface. The time interval between
Fig. 3c and Fig. 3d is only 45 minutes, showing the dramatic increase of the cluster

mobility.

From the time series of Fig. 3, one can confidently conclude that OR takes place already
at room temperature (RT) since one can clearly observe Pd clusters in the vicinity of each
other, where one cluster grows at the expense of the other. The fact that we see only
1-layer-high clusters results from the strong metallic binding of the Pd cluster atoms to
the Rh(111) substrate. Note that this strong binding does not prevent the ripening
process: At the periphery of the 2D cluster, single Pd atoms may detach from the cluster
with a relatively small energy cost of ~0.8 eV (see Fig. 5a,b; Calculations by B. Yoon and

U. Landman).

These observations are in accord with investigations of similar metal supported metal
cluster systems.?” This 2D detachment (evaporation) of material leads to the nearly
complete dissolution of some clusters, as for example the one indicated by an arrow in
Fig. 3. As soon as the shrinking clusters reach sizes of roughly 5 atoms, they become
much more mobile. This mobility indicates that it is not the diffusion, but the detachment
process of the transporting species that is limiting the OR. These findings are supported
by other examples of homogeneous and heterogeneous metal on metal studies that
predict a decrease of the binding energy of clusters once they contain less than 6

atoms;®® consequently the mobility of the cluster increases.



23

(d) 181}
/f\ /f\ /A\ A '/" .\-I'\-/'\ \Y/‘\V

TSI /A\ 0\ ,’\",.\',’! VN

A\ T\ 7 N7 \ Y AST . \

A AA N Y V~f/-

A A

'Yn
o W G RSO

)

\,\/\\_/'\_

A\ /A\ /A\ /A\ /A

A DAY/ L0, 8

AR A

AE =1.27 eV AE =2.90 eV

Figure 5. Optimized atomic configurations obtained from first-principles DFT calculations for
Pdis clusters on bare Rh(111) (a-c) and on g/Rh(111) (d-f). Starting from the most stable
configurations (a, c), we show the atomic configuration corresponding to the lowest-energy
single-atom (b, e), resp. dimer detachment process (c, f). The single-atom detachment
process on Rh(111) entails a transition state barrier of 0.89 eV, encountered 0.6 A prior to
reaching the local energy minimum shown in (b); over all the atom covers a distance of
2.55 A with respect to the initial configuration, and the final configuration is higher in energy
by 0.74 eV. The corresponding detachment of a Pd dimer entails a total energy increase of
1.27 eV (c). In contrast, the single-atom detachment process on g/Rh(111) leads to an atom
displacement of 2.63 A prior to reaching the local energy minimum shown in (e); the final
configuration is higher in energy by 1.50 eV, which is twice the value encountered for single-
atom detachment from the cluster adsorbed on the bare Rh(111) surface. The detachment of
a Pd dimer from the Pdis cluster on g/Rh(111) entails even a total energy increase of 2.90 eV
(f). Color legend see Fig. 2. The calculations have been performed by B. Yoon and U.
Landman (Georgia Institute of Technology, Atlanta).
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Fig. 6, taken at a slightly increased temperature of 308 K, shows in three consecutive
STM topographs, taken with 6 minutes intervals, a shape transition of the larger cluster to
a quasi-hexagonal shape, whereas the smaller cluster in the lower part of the image
reversibly changes from a triangular to a truncated triangular shape and back. When
deconvolving the STM tip shape from the cluster topography, one can estimate the Pd
cluster to consist of about 15 atoms arranged in a triangular manner, as indicated by a

comparison between the cluster profile and a ball model of Pdis in Fig. 6a (see the

triangular 2D cluster at the bottom right).

Figure 6. Pd clusters on Rh(111). Cluster shape fluctuations during the ripening process at
308 K. The lower cluster changes from a triangular (a) to a truncated triangular (b) and back
to a triangular shape (c). As a guide to the eye and considering the tip convolution effect, an
atomic model of the lower cluster has been added to (a). Image size: 10 x 10 nm2. Imaging
conditions: -1.0 V, 100 pA. Time step between consecutive images: 6 min.

Compared to the initially deposited Pdis clusters, the triangular Pd cluster decreased in
size whereas the quasi-hexagonal cluster took up atoms (through detachment from
smaller clusters) and became considerably larger than Pds. The shape changes during
the ripening of 2D clusters observed in Fig. 6 are facilitated by the weaker Pd-Pd binding
at the cluster periphery compared to the stronger binding of the cluster to the substrate.

A hexagonal (111) surface of an fcc crystal, such as Rh, can expose two kinds of steps, A
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and B, that differ in their direction with respect to the underlying layer. Triangular islands
can thus be oriented in two ways, differing by an angle of 60 degrees. The assignment of
a particular step type can be achieved by comparing the single crystal directions of the
Rh substrate with the registry of a superstructure, like the graphene-Moiré film discussed
in the next section. This leads to the conclusion that the triangular cluster in the lower part
of Fig. 6 is delimited by A-steps. This shape appears already immediately after deposition.
The presence of triangular islands, confined by A-steps and in concomitance to
hexagonal islands, is similar to the findings for atomically deposited metal-on-metal
systems in the same temperature range, where kinetic limitations have been postulated
and where the preference for A-steps has been explained by the slower diffusion of

atoms along B-steps.?® The same kinetic limitations might apply in this case.

From the above one can conclude that for Pd clusters on Rh(111), the ripening of the
monodisperse clusters proceeds already at room temperature by OR, exhibiting

pronounced shape fluctuations during the process.
Pd clusters on graphene/Rh(111)

The next focus is on results obtained for Pdss clusters deposited on g/Rh(111), that is a
graphene-Moiré film supported on Rh(111). The g/Rh(111) film was formed by catalytic
dehydrogenation of ethylene adsorbed on the Rh(111) surface at high temperatures (see
Methods section). Due to mismatch of the lattice constants of graphene and Rh(111), a
Moiré superstructure, comprised of (12 x 12) carbon unit cells on (11 x 11) Rh unit cells,
with an approximate periodicity of 3.0 nm has been observed. The topographic and
electronic structure of such graphene-Moiré structure has been investigated both
experimentally and theoretically.®® The surface appears in the STM images with a

corrugation of up to 0.6 A, with the maxima corresponding to positions where the
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graphene rings are centered on-top of a substrate atom (r-top), and the minima to
positions centered on hollow sites (r-fcc and r-hcp), where the graphene interacts more
strongly with the metal substrate. The latter areas are prone to cluster adsorption,
whereas at the former locations the interaction with the metal clusters is relatively
weak.?* 30 This spatial variability of the interaction between the cluster and the
underlying graphene surface gives rise to a superstructure with laterally modulated
wettability. For the assignment of the high-symmetry locations in a structural model see

e.g. Wang et al.l*!

Fig. 7 shows an STM image of a g/Rh(111) sample dosed with Pd1e clusters at RT under
soft-landing conditions. In the STM image taken at 300 K, a perfectly grown graphene-
Moiré film decorated with Pdis clusters can be observed. The cluster coverage is

18:10°® clusters/nm? (around 7% with respect to the number of Moiré supercells).

From the image in Fig. 7 it is apparent that mainly two different cluster heights occur, and
that the higher clusters appear wider due to a larger tip convolution effect. Since tip
convolution does not affect the height determination obtained from the STM topography,
cluster heights can be measured reliably with a precision down to around 0.1 A. Extensive
height statistics have been accumulated, for at least 80 clusters/sample. The resulting
height histograms, normalized to relative frequencies, are shown in Fig. 8 and serve as
PSD of the clusters present on the surface. The noticeable bimodal cluster height
distribution observed in the image at 300 K (Fig.7) is distinctly mapped in the
corresponding histogram. The two cluster heights are attributed to two types of isomers

of Pdis that are 2- and 3-layers high (similar to the case for g/Ru(0001)24}),
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Figure 7. Ripening of Pd19 clusters on g/Rh(111) upon sample annealing during 5 min. to the
indicated temperatures; images have been taken at RT. Image size: 120 x 120 nm2. Imaging

conditions: +0.5 V, 1 pA.
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The layer distance of 2.5 A, marked in the histograms by dashed lines, is comparable to
the diameter of Pd in the bulk, but larger than the step height on a Pd(111) surface. The
peaks in the histogram indicate that the clusters have layered structure starting already at
small sizes. Anyhow, the smaller 2- to 3-layer-high clusters show also some intermediate
intensity between two neighboring peaks in the histogram. This may indicate that there
are more than just two isomers, which show different electronic coupling to the substrate.
However, these differences are of diminishing influence for larger clusters. Upon closer
examination of the STM image one can observe that the Pdis clusters are exclusively
bound to ring-hollow sites of the Moiré superlattice, with roughly equal probability in

r-hcp and r-fcc.

The above observations are supported by the results of our calculations, see Fig. 4c,d.
Here 2- and 3-layer Pdis clusters adsorbed on g/Rh(111) at the r-hcp site are shown.
These two 3D surface-supported isomers are predicted to be separated by a relatively
small energy (0.54 eV). We can summarize these findings by concluding that on the
supported graphene film, the Pd+s clusters do not completely wet the surface but tend to
keep a 3D structure as a consequence of the stronger binding within the cluster
compared to the cluster interaction with the substrate; this effect has been discussed
previously for Pdis and Pdy, adsorbed on g/Ru(0001).2%! The experimental observation of
2- and 3-layer clusters is in agreement with the small energy difference found in the

calculations. Further DFT results can be found in the Supporting Information of reference

[1].

Upon successive annealing for 5 minutes to increasingly higher temperatures in steps of
100 K and subsequent measurements by STM at RT, one can observe in the STM images

(Fig. 7) a growth in the cluster height, accompanied by a decrease in the cluster number.
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Note that the images in the sequence are all of the same size and are representative
cutouts taken from (at least) six fold larger images. After the final annealing to 700 K, only
a few very large clusters remain on the graphene surface. The whole process, displayed
in the histograms of Fig. 8, is manifested by a continuous shift of the PSD maxima and
their lower onset to larger cluster heights. In concomitance, the cluster coverage,
depicted as horizontal bars, diminishes dramatically with each annealing step: At 400 K,
already two thirds of the initial coverage have disappeared, while the corresponding PSD
shows a clear decrease of the 2-layer clusters. 3-layer clusters start to dominate and the
first 4-layer clusters appear. This shift to larger sizes continues at higher annealing
temperatures, with the PSD remaining similar in shape at 500 K, slightly broadening at
600 K and strongly broadening at 700 K. Throughout this process, the cluster coverage
continues to drop considerably until only roughly one tenth of the initial cluster coverage

is left.

From these observations, it is evident that the surface has undergone a ripening process.
The continuous shift of the maximum of the height distribution to higher values, the sharp
distribution cutoff at low values and the tail at high cluster heights, as well as the
immediate change in cluster coverage upon annealing, point unequivocally to an SR
mechanism. The corresponding log-normal distribution curvel®® has been tentatively
fitted to the PSD after annealing to 500 K and indicates clearly a high particle-size tail.
Further support to the suppression of the OR process and the emergence of SR as the
dominant ripening mechanism on this graphene film comes from the results of our first-
principles calculations. Indeed, these calculations predict for the 2-layer Pdie cluster
adsorbed at the r-hcp site on g/Rh(111) relatively high monomer and dimer detachment

energies (1.5 eV and 2.9 eV, respectively, see Fig. 5e,f). These high detachment energies
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inhibit the onset of OR, at least up to relatively high temperatures (see following

discussion).
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Figure 8. Bottom axis: Particle size distributions corresponding to the images of Fig. 7. The
PSDs are obtained as height histograms, normalized to relative frequencies; the analyzed
surface areas are larger than the shown cutouts and correspond to 120 x 180 nm? (300 K and
400 K), 160 x 240 nm? (500 K) and 200 x 300 nm? (600 K and 700 K). Distinct layer peaks are
resolved. As a guide to the eye, the 500 K data is fitted by a log-normal function after
Granqvist.['! Top axis: Cluster coverage observed for each annealing temperature,
represented by grey bars. The PSDs’ shift to larger cluster size, their sharp lower-edge
cutoff and the loss in cluster coverage indicate that an SR mechanism is dominant for
annealing temperatures up to 600 K; thereafter OR takes over.

The cluster distribution broadens significantly only after annealing to 700 K, which
indicates an onset of the OR mechanism between 600 K and this temperature. However,

small clusters could not be observed after annealing, possibly due to the high mobility of
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the smaller clusters at elevated temperatures, leading to their disappearance before the
sample has cooled down to RT. At these moderate maximal annealing temperature,

desorption of Pd atoms is unlikely to occur.

The SR mechanism implies subsequent formation of increasingly large clusters, with
increasing adhesion to the surface and hence decreasing diffusion propensity. Whether
this increasing adhesion is limited to a critical footprint size, is a topic in the thesis of

Michael Kénig and can be followed there.B"

The above observation of the onset of an SR process much prior to the OR mechanism,
is rather unique. One can estimate the stability of particle-assembled catalysts on weakly
interacting supports based on the empirical Huttig temperature that states atoms to
detach from kinks and edges at a temperature of around 30% of the melting
temperature,’® and consequently OR to be expected from this temperature on. Based on
this rule-of-thumb, one may expect OR to set in for Pd particles at about 550 K, which is

close to that found in our measurements.

In order to disentangle the contributions from SR and OR by a mild suppression of the SR
process, the cluster adsorption energies have to be increased. For this purpose the
ripening on g/Ru(0001) was studied. This support shows a Moiré structure of similar
periodicity and corrugation to that found on the g/Rh(111) surface, but is characterized by
a somewhat stronger interaction with deposited Pd clusters (with the binding energy of
Pdis calculated to be ~0.6 eV higher on g/Ru(0001)). Due to the higher activation needed
for cluster migration on the g/Ru(0001) surface, the SR on this surface is damped,
compared to that found on the g/Rh(111) at comparable annealing treatments. Thus, at
500 K, the PSD of Pd clusters on the g/Ru(0001) surface peaks at 3 layers, whereas on

the g/Rh(111) surface clusters of up to 5 layers had already formed at that temperature.
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At 600 K, a broadening of the PSD characteristic for the OR mechanism is clearly
observed on g/Ru(0001); that is, at a temperature that is about 100 K lower than on
g/Rh(111) (see Fig.S1 in the Supporting Information of reference [1]). Additionally,
clusters of smaller heights are observed in the broadened PSD, and the cluster coverage
remains unchanged during annealing at 500 K and 600 K, whereas it decreases again

only after annealing to 700 K, when the smaller clusters have disappeared.

One can conclude that the higher binding energies of the Pd clusters to the g/Ru(0001)
surface underlie a suppression of the SR mechanism, so as to maintain a population of
smaller clusters at corresponding applied annealing temperatures. Since smaller clusters
have a higher vapor pressure due to the Gibbs-Thomson effect, OR is observed earlier,

that is at a lower annealing temperature compared to the aforementioned g/Rh(111) case.

The stronger binding of the Pd clusters to g/Ru(0001), compared to g/Rh(111), could be
substantiated by the calculations: the adsorption energies of the Pdiy cluster for the two
systems are, respectively: 6.12 eV and 5.51 eV, that is the cluster binding to the
g/Ru(0001) surface is stronger by 0.61 eV. These energies have been calculated by B.
Yoon and U. Landman as [E(g/M) + E(Pd1s)] — E(Pd1s/g/M), where E(x) is the total energy of
the indicated system, M is either Ru(0001) or Rh(111). Note that E(Pd1) is the total energy

of the isolated Pds cluster in the corresponding optimized adsorbed configuration.

Upon the onset of OR, one would expect to observe a relative abundance of very small
clusters that result from shrinking (as a result of atom detachments). On the g/Ru(0001)
substrate, this occurred rarely and on the g/Rh(111) it was impossible to observe.
Although small clusters may have formed on the g/Rh(111) surface, the dominance of

small cluster diffusion at high temperatures prohibits in-situ measurements; when
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studying the samples with STM at RT after the annealing stage, aggregation has already

taken place.

The cluster-surface interaction can even be further increased by switching to the isovalent
substrate, hexagonal boron nitride, where the two carbon atoms of the graphene unit cell

are replaced by boron and nitrogen.

Pd clusters on h-BN/Rh(111)

A hexagonal boron nitride film was prepared by catalytic dehydrogenation of borazine at
high temperatures on Rh(111). This leads to the formation of a Moiré superstructure with
a periodicity of about 3.2 nm, corresponding to a coincidence lattice of (13 x 13) h-BN
units on (12 x 12) Rh unit cells.® 33 This superstructure appears as a 1-layer mesh with
around 2 nm wide pores, which host the deposited clusters and are known from literature

to be good trapping centers for molecules and clusters.?4 34

To gain further insight about the mechanisms of cluster ripening on this substrate, the h-
BN/Rh(111) sample dosed with Pdis clusters was investigated by STM at RT and after
annealing the sample to 500 K and 700 K respectively. Similar to Figs. 7 and 8, Fig. 9
shows three STM images and the corresponding height histograms. The initial coverage
of the clusters was 8.5-107° clusters/nm? (around 4% with respect to the number of Moiré

supercells); the sample was cooled down to RT before scanning.

From the STM images of Fig. 9, one can observe that, over the temperature range of our
study, the clusters on h-BN/Rh(111) do not grow in height as noticeably as on the
graphene substrates discussed above. However, in contrast to the graphene substrates,

a considerable amount of very small particles appear at 700 K. A closer examination of
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the STM images reveals that the clusters are located inside the pores and are mostly

adsorbed at their rim.
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Figure 9. Left: Ripening of Pdss clusters on h-BN/Rh(111) upon sample annealing during
5 min. to the indicated temperatures. Image size: 75 x 100 nm2. Imaging conditions: +1.0 V,
1 pA. Right: (bottom axis) Particle size distributions corresponding to the images on the left,
obtained as height histograms, normalized to relative frequencies. As a guide to the eye, the
700 K data is fitted by the model of Finsy.['® The color scale used for the images is indicated
at the bottom. (top axis) Cluster coverage observed for each annealing temperature,
represented by grey bars. The cluster coverage is not decreasing as much as for the
graphene-Moiré samples. The PSDs’ broadening, without a shift, and the almost constant
cluster coverage indicate an OR mechanism.
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When analyzing the corresponding height histograms (Fig. 9, right hand side), it gets
obvious that the maxima of the PSDs do not shift to larger cluster heights. Whereas the
PSD does not change much upon annealing to 500 K, it broadens at 700 K and now small
1-layer-high clusters are also observed, both in the histogram and in the corresponding
STM image. The different layers do not appear as well separated in the histogram as for
the g/Rh(111) supported cluster sample (Fig. 8), since the h-BN film is not as uniform and
regular as the graphene films and since the binding and electronic interaction with the
substrate is stronger (see discussion in refs. Dil et al.®¥). The maximum of the PSD is
always about 3 layers, but already at 300 K also 2- and 4-layer clusters are present. Both
the STM images and histograms, show that the coverage remains essentially constant
over the whole temperature range, within the limits of precision of our coverage
determination; the Pd clusters are thus much more stable on h-BN/Rh(111) than on the

graphene superstructures.

This result indicates that the binding of the Pd clusters to the h-BN/Rh(111) substrate is
sufficiently strong as to essentially suppress SR. The broadening of the PSD at 700 K, as
well as the constant cluster coverage, are strong indications for OR. The histogram
obtained after annealing to 700 K can be tentatively fitted to the distribution profile
proposed by Finsy['® and shows a tail towards low particle diameters predicted for the
OR mechanism. The increased presence of small particles might partly also be related to
a footprint-related trapping at defect sites; for this reason, clusters of this type were not

included in the fit.
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Discussion

In this study two ripening mechanisms of size-selected Pd clusters adsorbed on solid
surfaces are explored: Ostwald and Smoluchowski ripening. With atoms taken as the
mass-transport agents in the OR mechanism, two possible rate-limiting processes may
be considered: (i) Interface control, where the rate-limiting step involves the detachments
of atoms from the smaller clusters, and (ii) diffusion control, where the rate is governed by
the surface diffusion of the atoms. Since the barriers for atom diffusion are relatively low
on the metal surface?®: %! as well as on the epitaxial graphene surface (both local, single-
step site-to-site hopping barriers, and global diffusion barriers from one Moiré cell to the
next),?*! one can conclude that the detachment of atoms from the clusters is the

operative rate-limiting process of the OR mechanism.

For the OR to dominate over the SR mechanism, the following conditions have to be
fulfilled: First, the binding of the clusters to the substrate has to be sufficiently strong to
anchor them at their adsorption sites. This condition is fulfilled here for the metal-on-
metal system, based on the observation that the gas-phase 3D clusters transform to 2D
islands and wet the metal substrate upon deposition and adsorption (see Fig. 3 and
Fig. 4a,b). On h-BN/Rh(111), the binding of the clusters to the substrate is enhanced by
the additional trapping potential at the rims of the pores.?* Second, the atom
detachment energy of the cluster has to be low enough, so that atoms can leave the
cluster. The relatively low energy value of ~0.8 eV, obtained from our first-principles
calculations for atom detachment from the interfacial periphery of the 2D Pdiy island
adsorbed on bare Rh(111), is consistent with this requirement; it has to be noted here that
the calculations indicate an energetically unfavorable dimer detachment. The atom

detachment energy is determined by the local coordination environment of the detaching
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atom, and consequently its value is essentially independent of cluster size, except for
very small clusters where incomplete coordination lowers the detachment energy. Note
however, that diffusion of adsorbed clusters also becomes energetically more favorable
at small cluster sizes. Therefore, for circumstances involving small enough clusters and
higher temperatures competing coarsening mechanisms (that is, the aforementioned OR

and SR ripening modes) may operate, with one of them eventually dominating.

In cases where the SR mechanism dominates already at low temperatures, OR processes
may enter only if the cluster diffusion barriers increase strongly with size (thus quenching
the SR process). Under such circumstances, a critical cluster size may be reached during
the SR process, at which detachment of single atoms is energetically favored over
diffusional displacement of the entire cluster. When this occurs, the OR mechanism takes
over, accompanied by an increased concentration of transporting species on the surface.
This is the case for Pd clusters on g/Rh(111) and g/Ru(0001). Since Pd clusters adsorb
with a higher binding energy on the g/Ru(0001) surface than on the g/Rh(111) one, the SR
mechanism is partially suppressed on the former at lower temperature. This is confirmed
by the observed PSD broadening after annealing to 600 K for g/Ru(0001) and to 700 K for

g/Rh(111).

Cluster ripening processes can be strongly influenced by the presence of adsorbates.
Indeed, cluster diffusion and coalescence (i.e. the SR mechanism) of small Pt clusters on
a g/Ir(111) surface induced by CO adsorption has been reported recently.®® The graphene
film in this system is characterized by a rather weak interaction with the underlying Ir(111)
surface and the Moiré superstructure forms through pinning by the adsorbed clusters.
Unpinning of the clusters (caused by CO adsorption) induces diffusion and coalescence

of clusters with less than 10 atoms, although the precise mechanism is not understood
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yet. Since the g/Rh(111) and g/Ru(0001) are stable superstructures, characterized by
much stronger interaction between the graphene layer and the metal surface (compared
to that operating in the g/Ir(111) case), and since CO will have desorbed at annealing
temperatures above 400 K,®"! the onset of such adsorbate-induced SR mechanism in the
present systems is not expected. Adsorbates may as well influence atom detachment
energies, thus favoring the OR mechanism. Such effects have been demonstrated by Di
Vece et al. in an x-ray diffraction study on Pd nanocluster films in the presence of
hydrogen (1 bar) at RT.F® The sublimation energy of Pd decreases with increasing
hydrogen concentration and is about 50% lower at a H/Pd ratio of 0.3.*9 However such

an effect in the present study under UHV conditions is excluded.

In light of these findings, a strategy for the reduction of cluster ripening can be formulated.
Graphene-Moiré is a most favorable support for suppression of the OR mechanism of
cluster coarsening because of its laterally modulated wettability — that is, on the Moiré-
patterned surface transition metal clusters bind at locations characterized by relatively
higher adsorption energy (wettable zones of the surface), with the detachment and
transport of atoms (serving as the mass-transporting agents) from the clusters inhibited,
because these processes require transit into areas of the Moiré-pattern that are
characterized by a significantly weaker adsorption interaction. Consequently, on
graphene-Moiré surfaces, cluster stability towards ripening is largely determined by the
cluster adsorption energies. Since these adsorption energies may be relatively small, the
onset of cluster diffusion (that is the SR coarsening mechanism) may occur already at
relatively low temperature (e.g. 400 K). In contrast, on the bare metal substrate, the
cluster adsorption energies, as well as the adsorption energies of individual atoms, are
high. This facilitates atom detachment and diffusion and decreases the thermal cluster

stability, this time through the OR mechanism. An intermediate case is represented by the
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h-BN/Rh(111) substrate, where the laterally modulated wettability of the Moiré
superstructure is accompanied by a higher cluster adsorption energy. This combination

results in increased cluster stability (up to temperatures of at least 500 K) on this surface.

One can conclude that the significant success of oxides as stabilizing agents for the
support of catalytically active species is related to a similar principle of laterally
modulated wettability: whereas defects act as randomly distributed binding sites
(wettable zones), stoichiometric areas in between, where the binding to the surface
vanishes, block the transport of Ostwald ripening diffusing species. This leads to suggest
that periodic wettability control may be a fruitful concept for the rational design of novel

catalysts with enhanced stability against sintering.
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Chapter II:

Dynamic characterization of cluster diffusion and ripening
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State of the art

As shown by the static characterization of cluster ripening in the first chapter, the
coarsening of clusters is an interplay between different ripening mechanisms. The study
presented in the first chapter is based on data that describes metal cluster ensembles
before, in between and after ripening processes. More information about the dynamics is
needed; to this purpose the time resolution during the measurement has to be
dramatically increased. In that way the cluster’s diffusion over the surface can be studied
in detail. To elucidate the required time scale, the diffusion of clusters is discussed in

more detail in the following.

Description of diffusion paths

Diffusion is defined to be the uncontrolled movement of a particle in a medium in the

presence of a concentration gradient and the diffusion flux is given by Fick’s law:

_ Dac
/= dax

(1)
D being the diffusion coefficient.*® In his 1905 thesis and other publications, Albert

Einstein developed a formula connecting the mobility of a particle to this diffusion
coefficient by combining the diffusion equation with the Boltzmann distribution for a

system in thermal equilibrium.®"

D=6m1r
(2)
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with kg being the Boltzmann constant, T the absolute temperature, 7 the friction

coefficient and r the radius of the particle.

Because of the contribution of Marian Smoluchowsky to this topic in 1906%2, the
corresponding formula is known as Einstein-Smoluchowsky relation. Their work describes
the so called Brownian motion of particles that was first observed by Jan Ingen-Housz
but which attained general attention only with the work of Robert Brown on pollen in
aqueous solutions.”® The macroscopically random movement of the particles that Brown
described is driven by innumerable collisions with the solvent molecules. As a
consequence of Einstein’s equation ( 2 )" this random walk process is characterized for a
2D system by
Ar?(t) = 4D"1.

(3)
This tracer diffusion coefficient D* approaches the Fick diffusion coefficient D for highly

dilute systems (non-interacting particles). This description of the diffusion process is
based on two assumptions: there exists a mean free path and a mean time between two
steps or two collisions. In this case the distribution of the step length and the time

between two collisions would show an exponential decay.

Although this description holds for many systems like the Brownian motion of the pollen
particles or the atomic diffusion on surfaces,*’ since the 1970s several examples have
been identified that do not follow this ideal relation. Indeed, this has not always to be the
case. Imagine that the trajectories depend on the “prehistory” of the particle, i.e. the sum
of the previous steps. If the diffusion steps are no longer independent the particle’s
movement is driven by anomalous diffusion. The aforementioned distribution is then
dominated by longer step lengths, respectively longer waiting times between steps, i.e.

the exponential decay is skewed to the right.
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In order to generate equation (3 ) for cases of anomalous diffusion, one can write:*°

Ar?(T) « 1%

(4)
If this exponent o is smaller than one, the mean-square displacement grows slower than

the first power of time in the formula above. This scenario is then called sub-diffusion.
This process was first discovered in photocopiers, where moving charges tend to get
trapped by local imperfections in the amorphous material of the photocopier cylinder, so
that their movement is slowed down. ¥ Subdiffusion also occurs in physiological systems:
The diffusion of molecules within the cytoplasm of cells or the diffusion of proteins across
cell membranes, where the particles get trapped in compartments, is a typical example

for this kind of diffusion.®”!

If the exponent in formula ( 4 ) is larger than one, the mean-square displacement grows
faster than in normal diffusion. This case is then called super-diffusion, characterized by
the fact that the distribution of step lengths and waiting times between steps is
broadened. This kind of distribution is called Pareto-Lévy distribution and differs from a
Gaussian distribution by the fact that it is a heavy-tail distribution, dominated by the
largest steps or the highest waiting times between steps. It is named after the Italian
economist Vilfredo Pareto and the French mathematician Paul Lévy. But these so-called
Lévy-walks are not restricted to the world of mathematicians and statisticians; there are
many examples of processes that fit into this category of anomalous diffusion. Lévy walk
statistics are used e.g. to describe the travel behavior of humans and with that the
dispersion of bank notes.*¥! But also the dissemination of genetic material of certain
animal species, the foraging behavior of spider monkeys and the flights of albatrosses

can be described by Lévy walks.[*8°]
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In surface science too, Lévy walk statistics can describe the diffusion of particles whose
distribution is dominated by large step lengths and does not follow the classic Gaussian
distribution of a random walker. Especially in the context of cluster diffusion it is
important to know the fundamental mechanisms that lead to their ripening and the

models that describe their diffusion pathways.

As an example for anomalous diffusion an extensive molecular simulation of a Aui4
nanocrystal on graphite predicted that the diffusion of this nanocrystal would show a
(here called) Lévy-flight type behavior.®® The distribution for the flight lengths and the
sticking time has a tail at the long flight-lengths side, respectively the long sticking-time
side. They explain that the diffusion steps are not independent one from another, because
once the cluster in movement by taking a non-sticking configuration, the probability to get
into a sticking configuration again is very low, so the particle continues its movement and
can cover an important distance. This searching for a coincidence position happens on a

time scale of nanoseconds.

This example is similar to the investigations in the first chapter, because of the same
carbon lattice support. Though, on a graphene superstructure the large periodicity, which
result from the interaction of the carbon lattice with the underlying metal support, reduces
the probability to hit wettable sites. However the binding of the cluster to the graphene
substrate at the wettable sites is much larger than on graphite. Therefore the time scale of
the diffusion is enlarged and figures in the range of miliseconds. In this case the tracer
diffusion constants can well be measured by enhanced time-resolution local probe
techniques, e.g. Atom Tracking. Some of these techniques will be presented in the

following.
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Enhanced time resolution Scanning Probe Microscopy techniques

Nevertheless standard STM keeps one main drawback caused by the scanning of the
considered area. For one spot, information can only be gathered while the tip is scanning
over it. The rest of the scanning time the considered spot remains unobserved, making it
difficult to get more information out of it. This makes the improvement of time resolution

an important issue in STM.

In literature one can find several techniques that try to tag this problem. The increase of
time resolution can either be achieved by keeping the tip stable at one position and
getting real-time information about this spot of the surface, or by increasing the scanning
velocity, so that also fast processes can be imaged. Depending on the system and the
application one or the other is favored. One of the techniques that fit into the first
category is open-feedback-loop STM, where the vertical feedback is switched off. Hence
the observation of particle mobility or a molecular switching process becomes accessible.
The time resolution is increased because the tip stays fix at one position, either in the
center of the investigated molecule or above an important electronic orbital that is
involved in the switching. This technique is only applicable if the molecule is immobile or
at least shows no translative movements under the experimental conditions. That is why
open feedback STM experiments are often performed at liquid He temperature in a
cryostat where lateral drift can be optimally excluded. Stipe et al. investigated the rotation
of acetylene on Cu(100) by a tunneling current induced process with a pulse energy
corresponding to the excitation of the C-H stretch mode." The feedback of the vertical
direction was kept open during the pulse. Out of the decay time constant of the excited
state they could calculate the rate of rotation. Baber et al. even went further exploring
thermodynamic properties of molecules on surfaces.® They adsorbed thioether differing

by their chain length at low temperatures on Au(111) and observed that beyond a specific
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temperature the thioethers start to rotate due to thermic activation. By following the
rotation of the chains by open feedback STM, they could deduce the switching rate of the
process and from that the activation energy for rotation by plotting the data from different
temperatures in an Arrhenius plot. In another interesting study, Auwérter et al. used the
electron current through the STM tip to switch the hydrogen atoms in the inner cavity of a
tetraphenyl-porphyrin  molecule and realized with that an atomistic, four-level

conductance switch.®

The increase of the scanning velocity in STM has been a topic for several years now and
impressive progress has been made by different groups. In order to drive the tip at
enhanced velocities, the mechanical setup has to be changed so that the high resonance
frequencies can be challenged.’ In another approach suitable resonance frequency
windows are chosen, so that a conventional STM can be driven at enhanced velocities
just by adding additional electronics.®® Although the measurement times are very low for
this method and the resulting movie is appealing to the eye, the high tunneling current
(around 1 nA) that is required for this method makes it impossible to scan clusters, as
they are interacting too much with the tip and in the worst case will be sucked off the
surface by the tip. The high currents are necessary since driving the preamplifier at higher
band-width requires a lower gain. Nevertheless for other applications this technique can
provide impressive real-time movies of surface processes, e.g. the diffusion of oxygen

atom on Ru(0001) at RT observed with a high-speed STM. 5!

One of the most efficient techniques to increase the time resolution in STM, while
measuring at low currents, is Atom Tracking that has first been suggested and described
theoretically in 1987.57 In this paper the major ideas and possible applications of this

technique were already formulated and a very simple experiment showed that the



47

technique works. The most important idea was that a scanning tip can be controlled to
always run uphill and thus follow a moving maximum on the surface. This is realized using
the lateral feedback of a tip that performs a dithering movement over the protrusion. Thus,
the imaging is given up and simply a local extremum is followed. This works only if lateral
interaction can be neglected. A scheme of the Atom Tracking working principle is
displayed in Fig 10.

Figure 10. Scheme of the Atom Tracking (AT) working principle. As soon as the rotating tip
gets decentered from the protrusion, by drift or by a movement of the protrusion itself, the
lateral feedback drives the tip again on the maximum and tracks its way. The bold lines
represent the evolution of the tunneling current during the circular movement (represented
by a dotted line above the tip). The tunneling current shows an exponential dependance on z.
Therefore, strong effects can be detected even at low current setpoints.

Some years later Swartzentruber et al. showed that this technique can be used to track
silicon dimers on Si(001).58 They visualized their dynamics and calculated thermodynamic
properties. From the tracking pattern and the movement of the dimers in time at different
temperatures, they deduced hopping rates, which were plotted in an Arrhenius diagram
to result in the activation energy for the diffusion step. They further showed that the

observation of the z-channel can provide simultaneous information about the height of
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the silicon particle during the tracking. They observed that the dimers can be found in two
different conformation states, which differ in height. Thus, the z-channel can be an
indication of the adsorption state a particle. In another study they checked the effect of

higher tip bias on the activation energy for diffusion and rotation.®

After nearly a decade without a publication on this topic, Abe et al. used Atom Tracking in
combination with Atomic Force Microscopy (AFM). In contrast to the application of
Swartzentruber, which was to observe diffusion of mobile species, this group now
tracked a stable feature in order to calculate the thermo-mechanical drift of the substrate.
The apparent movement of the feature can then be referred exclusively to drift. The aim of
this drift control was to get a very stable positioning for reproducible force spectroscopy
experiments with non-contact AFM at room temperature. A considerable noise reduction
in the spectra combined with an increase in resolution could be achieved. In collaboration
with Rahe et al. they further developed the technique to be compatible with any kind of
SPM system and used it for precise 3D non-contact AFM force mapping.®"! An automated
scan protocol enables them to switch between drift measurement and force mapping.
The drift compensation is measured at regular intervals over the same immobile feature,
while the force mapping takes place in between and is referenced to this spot. This
application of Atom Tracking does not take so much advantage of the increased time
resolution, but is powerful through its ability to locate defined places even in severe drift

conditions.

The Atom Tracking technique thus shows to be a powerful tool for the investigation of
diffusing species like clusters on superstructured surfaces and for shedding light on the
diffusion mechanisms and the thermodynamic properties of the clusters on surfaces.

Hence, it is the perfect technique to combine with our cluster source system, which
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provides low coverage size-selected clusters on well-defined long-ranged

superstructured surfaces.
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Experimental approach: Implementation of Atom Tracking

This section will describe the implementation of the AT technique, the finding of the right
parameters for driving the technique with noble metal clusters, as well as a description of

the procedure for data treatment applied on the first tries with this technique.

The implementation of AT in our VT-SPM system was led by the idea of a modular
concept, which means that the different components of hardware and software should be
easy to get and no greater modifications should be necessary, so that the AT module can
be implemented into a large number of SPM systems. It was realized as an add-on

instrument connected to the control system that regulates the z-feedback.

In order to keep the system simple and very user-friendly, we relied on the fast data
acquisition system acquired for FAST STM measurements (PXl 1033 box from National
Instruments) and implemented a digital PID regulator that could be switched on in a
highly controllable manner: via a link between the LabVIEW program and the SPM system
the necessary signals to drive the experiment and receive a trigger timing signal from the
STM computer could be exchanged. Fig 11 shows a scheme of the implemented Atom
Tracking module. The LabVIEW program controls the experiment through a field-
programmable gate array (FPGA) that has a fast data acquisition synchronized with the
dithering signal generation. These signals are then given out by the box and added to the
different piezo voltages respectively that drive the STM tip. The trigger for the AT
experiment is given by the STM controller, as well as the signals of topography (Z-
channel) and tunneling current (Inon). As the experimental frame is very complex, the

LabVIEW program was written by the software engineer Giulia Troiano.

The implementation of the AT measurement requires various hierarchical steps that are

described in the following.
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Figure 11. Scheme of the Atom Tracking module and its combination to the MATRIX control
unit of the STM. The arrows mark the flow of information from one unit to the other.



52

Explanation of the set-up

Circular movement

The tracking of a feature on the surface only works if the tip performs a circular
movement of the right diameter and symmetry over the considered feature. In order to get
the STM tip rotating, two sinusoidal voltages, approximately phase-shifted by 90°, are
defined by the LabVIEW program. These voltages are added to the x- and y-signals of the
Matrix STM controller through an addition board, custom-made by our electronic

workshop (see Fig. 12).

circular

offset sigh
the track

Figure 12. Addition board (right slide), which takes up the circular movement signals as well
as the offset signals (which will be described later) coming from the LabVIEW program and
adds them to the position signals coming from the control system. The resulting voltages
are applied to the piezo trough the cable pointing downwards.
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Software selectable parameters of this dithering movement are the voltages that are
added to the piezos (which define the amplitude of the circular movement), the dithering
phase shift between the two sinusoidal voltages and the frequency of the rotation. The

typical values for these parameters are described later.

Detection of the error signal

The heart of the AT technique is the regulation of the tip above the feature. This regulation
is based on the error signal that can be extracted using a digital lock-in amplifier. In the
implemented version, the lock-in amplifier is entirely programmed using a custom-made
virtual instrument in LabVIEW. The tunneling current signal is multiplied with a sine and a
cosine wave at selectable (lock-in) phase shift and then low-pass filtered. This leads to an
in-phase and a quadrature signal that can be identified (after appropriate setting of the
lock-in phase) as the x- and y-error signals. This can be understood, if one imagines the
variable tunneling currents that the tip is exposed to at the rotation plane over the

decentered cluster (see Fig. 13).

The z-feedback is too slow to follow these variations in the tunneling current, since the
preamplifier is set to high gain and low band-width that cuts off at 800 Hz, i.e. around the
dithering frequency. This is only the case if the loop gain settings remain similar as in

usual STM imaging.
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Figure 13. Representation of the tunneling current depending on the position of the tip over
the decentered cluster. This variation in the tunneling current will generate an error signal
that will help to drive the tip rotating again over the center of the cluster.

Regulation and generation of a tracking offset

In order to track a surface feature, an offset has to be generated using the error signal
that has been extracted in the step before. This is realized by a simple PI controller that is
integrated in the LabVIEW program. The control loop is set to minimize the error signal
und thus to drive the tip to the topographic maximum of the feature. The control value is

calculated by the following formula using a proportional and an integrative term:

uli] = K, <e[i] +%Zi e[i]>

, with K, being the proportional constant, T; the integration time and T the sampling
period. The regulated offset values for the X- and the Y-channel are calculated separately

and are added to the piezo driver in the control system as a second pair of inputs. With a
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dithering frequency of 2800 Hz, we decided to set the minimum sampling period to 1 ms,
whereas a measuring point is taken each 10 ms in order to prevent excessive data
generation. Typical values for the regulation constants were K,=0.05 and Ti=10 ms, in line

with the measurement time steps.

Control of the set-up steps

Check of the circular movement

The amplitude and frequency of the rotation is subject to the design of the experiment
(Fig 14). A larger amplitude leads to a larger dithering circle and thus to a larger capture
area but also to uncertainty in space. The center of a large circular movement will lack of
a gradient leading to a doughnut shape imaging (see later). Smaller amplitudes and thus a
smaller dithering circle tend to show problems when following long jumps of surface

features. The area of control is smaller and thus the gradient of control decreases.

Generally the amplitude of the circular movement should be in the range of the radius of
the feature or slightly smaller, which was in the case of clusters 50 mV peak-to-peak (for
an apparent particle diameter of 1.5 nm). The voltage is divided by a factor of 1.5 before
being applied on the piezo by two symmetrically driven quadrants. As the piezo has a
conversion factor of 32 nm/V, the cluster should appear with a diameter of around 1 nm,
but is slightly enlarged due to the tip convolution effect. The dithering frequency was
chosen to be 800 Hz (in our case given by the preamplifier bandwidth of 800 Hz). Ideally it
should be larger than the cut-off frequency of the vertical feedback, but definitely smaller
than the first resonance frequency of the piezo crystals. Excitations in these zones should
be avoided in order to prevent strong distortions in the circular movement due to the

resonances.
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Figure 14. Scheme of the rotating tip above an adsorbed cluster with a larger (left side) and a
smaller (right side) amplitude of the sinusoidal voltage addition. The radius of the resulting
revolving of the tip is hence larger or smaller.

In order to check the dithering properties, a scan of the feature can be made while the tip
is dithering. Due to the superposition of a circular (dithering) and a linear movement
(scanning), the image of the feature should be a perfect circle, according to the theory of
Lissajous figures,? when the phase difference is exactly 90°. Due to the lateral extension
of the cluster the shape resembles more a doughnut. With decreased dithering amplitude
the hole in the middle is disappearing at some point. If the dithering frequency and
especially the effective dithering phase are not correct, the shape of the feature is
elongated, as it is shown in Fig. 15. The dithering phase has then to be corrected; this
happens close to resonance frequencies that influence the x and y movement differently

(C.y symmetry of the piezo tube versus C, symmetry of the coarse sled).

Rotation frequencies that are not suitable for our measurements can be identified,
because they do not show a perfect circle at 90° phase shift. These frequencies lie in the

neighborhood of resonances which can be easily excited and provoke phase shifts.
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Figure 15. Upper part: theoretical Lissajous figures with an amplitude ratio 1:1 depending on
the phase difference.? A perfect circle is obtained when the phase difference between the
two signals is exactly /2. Lower part: Due to the convolution of the tip and the surface
feature the Lissajous figures are broadened and show an “doughnut” shape for the perfect
match of the phases.

As it can be seen in Fig. 16, several STM scans that were taken at 1056 Hz rotation
frequency, the geometries are phase shifted compared to theory. Thus, the excitation of
resonances leads to distortions that can be corrected for by proper setting of the

dithering phase and eventually by adapting the excitation amplitude in order to account

for different Q factors.

Figure 16. Experimental Lissajous figures that were taken at 1056 Hz with 75 mVpp
amplitude. Note the phase shift of 40° compared to theory. Scan conditions: 1.3V, 100 pA,
1%Iloop gain. Image size 10 nm x 10 nm.
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Check of the error signal

In a next step, the error signals have to be assigned correctly to the directions on the
surface. To this purpose, the LabVIEW program comprises a tool to image the error
topography. Fine-adjustments for the circular movement of the tip can be made here, as
well as corrections for the sign assignment and the phase between error signals. This is a
very important tool, as it became obvious after some experiments that the shape of the
error signal was depending on the tip shape. So a bad tip (asymmetric tip or multiple tip)
could be recognized a lot faster with the error topography tool. As each new tip is slightly

different, the error phase had to be adjusted accordingly.

There are mainly three indications for a bad assignment of the error signals: the
representation of the error signal on the cluster can have no clear line of symmetry or the
attribution in the error signals for x and y channel are not shifted by 90° or the attribution
in the error signals for x and y channel are not coinciding with the x and y direction,
respectively. The reason for that could be that the tip has an asymmetric apex (different
properties in x and y direction) or tips with different bluntness react differently on the
lateral feedback. Therefore the error topography tool enables to correct the tip influence
by fine-tuning the error phase. Usually the range of fine-tuning was around 40°. A correct

error assignment is shown in Fig. 17 below.
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Figure 17. Upper part: X- and Y-channel of
the error topography with a lock-in phase
difference of 335°. Middle part: X- and Y-
channel of the error topography with a lock-
in phase difference of 325°. The sign
assignment of the error signal corresponds
to the x- and y-direction. For each direction
the positive error signal (bright contrast) is
set to be situated on the positive side and the
negative error signal (dark contrast) on the
negative side of the axis for a correct PI
regulation. The surrounding graphene top
sites also show a very clear error signal
attribution, which shows the precision of the
technique, but also the possibility of the tip
to track the top sites and not only the
clusters. Lower part: Topographic image
aquired in parallel. The surrounding graphene
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can be hardly seen and the borders of the cluster are not as clearly defined as in the error
topographic images, showing the high imaging dynamics of the error topography evaluation.

The AT technique is in principle also able to track depressions, just by changing the sign
of the error signals, i.e. by adding 180° to the lock-in phase. In this case the tip always

runs downhill and searches for a minimum, but this has not been checked in this work.

Timing of the experiment

While making an AT experiment, the communication of the MATRIX system and the
LabVIEW program is achieved with a MATE script (Matrix Automated Task Environment).
This MATE script has to be loaded separately when starting an experiment. It opens a
channel for a TTL pulse (Transistor-Transistor Logic), which switches from high to low
exactly when choosing a feature by mouse control in the STM image on the MATRIX
monitor with the tip positioning tool. Upon this TTL pulse, the MATRIX control system
stops the lateral scan movement, but continues to regulate the z-feedback, keeping the
feedback loop-gain at the usual value. At this point, the LabVIEW program starts the
control loop and gives out the correction offsets to hold the tip over the feature’s
maximum. These voltage offsets, added to the piezo crystals of the STM scanner, are
held even after finishing the AT measurement. In this way the environment of the cluster

after the tracking can be investigated with a “slow” STM image:

For an ideal experiment, the surface should be scanned conventionally before and after
the tracking, so that one can define the local position of the feature at the start and at the
end. After a first scan documenting the position, the tip should scan a close-up before

one selects a feature of interest using the positioning tool. This helps to avoid piezo creep
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that could mislead the tip. The tracking activation can lead to an apparent hop when the
tip is still searching for this maximum. As this hop was within the range of the cluster’s
dimensions for a successful tracking and this artifact was similar each time, it is believed
that it is due to positioning uncertainty when clicking on the cluster with the mouse tool
while scanning over it. If this initial movement is beyond the range of the feature’s
dimensions, the tip has lost the feature. A checking of the correct error signal assignment

can improve the situation.

During the tracking experiment, the trace is monitored on the screen and the according
data is saved as a HDF5 (hierarchical data format) file. Fig. 18 shows a screenshot of the
program’s front panel. In the upper left corner the parameters for the circular movement
can be set and the movement can be switched on and off using the respective buttons.
On its right side, the parameters for the lock-in amplifier, like time constant and phase,
can be set. At the lower left side the parameters for the PI regulation can be set and also
changed during the experiment. In the middle of the panel a large tracking graph
documents the position of the tip on the surface, while the evolution of the x- and y-
direction, as well as the z- and I-channel can be followed in the smaller graphs on the
upper right side. In the lower left side the settings for the visualization of these graphs can

be found.

The program has been written so that a restart of the scanning in MATRIX switches the
TTL channel from high back to low and deactivates the tracking. The offset of the
stopping position is maintained, so that one can document the new position of the feature
by a conventional scan. If it is necessary, another tracking of the same feature can follow

immediately.
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Figure 18. Screenshot of the main program’s front panel. Here all the parameters necessary
for the tracking can be adjusted and the track of the followed feature observed in real-time
on the large tracking graph. The smaller graphs show the evolution of the x- and y-offset-
channels as well as the Z-topography and the current channels.

Drift background correction

A dedicated IGOR program has been developed that allows to analyze the full tracking
information: tracking graph, drift corrections and statistic evaluations. Fig. 19 shows a
raw tracking graph where displacements were deliberately applied by moving the tip by
+1 nm steps in x and y direction by the MATRIX program, i.e. by inducing jumps that the

lateral feedback had to compensate.



63

The most important feature of this program is the drift background correction. Drift is an
important issue in STM, both when taking topographs of the surface and for
spectroscopic experiments, but also for AT: If the tip drifts by piezo creeping due to a
thermal gradient, the system not only records the movement of the tracked feature but
overlays the drift of the tip with respect to the surface. Hence the drift has to be
calculated out to extract the pure movement of the tip. In Fig. 19 the tip is drifting from
the upper right to the lower left of the graph. In between the jumps, the drift is

recognizable by the diagonal slope.

v Position [nm)]

% Position [nm]

Figure 19. Tracking graph of the first measurement regarding the offset calibration. Using
the positioning tool of the STM control unit, deliberate offset jumps of 1 nm in all main
directions are applied during the tracking. In between the jumps the remaining thermal drift
can be seen.

The algorithm of the drift background correction calculates smooth background
movements out of the difference between adjacent data points in x, y and z. It allows for
the setting of several parameters regulating for example the time step and the box size of

the analysis upon which the correction curve is calculated which is then subtracted from
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the measured track. Thus the program corrects for smooth changes between adjacent
data points (in x- and y-direction respectively), while ignoring any discontinuities. In this
way slow variations in the trace can be discerned from fast variations and thus from
movements that can be assigned to the cluster itself. After the drift correction the tracking

pattern only shows the pure movement of the tip and is shown in Fig. 20.
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Figure 20. Tracking graph of the offset jump experiment as in Fig. 19, but with drift
background correction applied. It becomes obvious that the applied 1 nm jumps do not
correspond to 1 nm reactions and that therefore a calibration is needed.

Calibration

As the correction offsets that are added on the piezo for the X- and Y-directions are
voltages, they have to be calibrated in order to move the tip to the precise location and

not too far. Therefore an offset of exactly 1 nm was deliberately added to the tip in each
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direction during the tracking and the response of the regulation was checked. In Fig. 21
the tracking graph for such an experiment on a random cluster is shown. For an offset of
+1 nm in X, the tracking added a voltage on the X-piezo that corresponds exactly to an
apparent movement of the tip of -1 nm. As the cluster did not move and the tip tries to
stay permanently on the cluster, the regulation reacts upon the offset addition by driving

the tip in the opposite direction on the cluster again. This trace should be exactly 1 nm

again.
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Figure 21. Tracking graphs of 1 nm jump experiments before (upper left) and after (upper
right) drift correction. The new calibration factors for the X- and Y-offset channels result in
the display of 1 nm jumps in the tracking graphs. Lower part: Evolution of the z-channel. The
two jumps are well documented, as the forced jumps of the tip are rather harsh.



66

The same was checked in the Y-direction until the correct calibration factor was
determined by fine-tuning. It was found to be 20.5 nm/V. This value is specific for our
system and specific for the kind of addition board (with different voltage multiplication
and division steps), which is used to add the voltages of the tracking to the set voltages
of the STM. Regarding the aforementioned conversion factor of 32 nm/V for the piezos in
the STM and a division factor of 1.5, the overall conversion factor should be 21.333 nm/V.
The discrepancy of the theoretical and the measured conversion factor is probably due to
a smaller dynamic range of the piezos. Thus it will be necessary to calibrate the offset

output of the tracking each time the addition board is changed or exchanged.

For the calibration of the Z-channel signal (transferred by the Zno, output), two different tip
positions (in tunneling contact and fully retracted) were compared. The applied voltages
were determined using an oscilloscope and the topographic values in nm were displayed
by the STM control system. A calibration factor of 447 nm/V was found. This corresponds
to a z-piezo with a dynamic range of +1000 nm at a voltage application of +140V and
subsequent division of the z-output by total factor of 62.5. The conversion factor for the

tunneling current was set in the same way considering that 10 V correspond to 3.3 nA.

Quality of the tracking

Fig. 21 shows the track of the tip before and after the drift correction. From the first graph
it becomes obvious that there is a drift driving the tip from the upper right to the lower left
side of the cutout, whereas the second graph is drift-corrected. Furthermore the noise
level on the drift track is in the range of a fraction of an Angstrom, which shows the
extraordinary precision with which the position of the tip can be monitored with the AT

technique.



67

Nevertheless, the track of the tip jump in Fig. 20 shows a considerable difference in the
track of the forward jump and the backward jump, as well in x- as in y-direction. This
difference is much smaller in Fig. 21, even though the jump is slightly shorter here. As the
tracking parameter are exactly the same for both measurements the difference in quality
can be referred exclusively to a different tip quality. The deviation from a straight line in
Fig. 20 can be explained by an asymmetric tip apex, precisely because the deviation is
even bigger in y-direction than in x-direction. Hence it is of utmost importance to have a
precise mapping of the tip quality before beginning with a tracking measurement, which
can be reached by using the error topography tool. So the correct setting of the lock-in

phase is crucial.
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Results and discussion

In this section the first results by using the implemented AT technique are shown. As
described in the previous sections, this technique is able to track protrusions (and
depressions) on surfaces, whether they are mobile or used for drift calculation. Together
with the implementation of the AT technique, the right conditions have been determined
that are necessary to track size-selected metal clusters of the size of some ten atoms on
periodically wettable surfaces. In the first part it was shown that clusters on such surfaces
tend to agglomerate and are altered by Ostwald ripening, but only little is known about
how they move on the surface and how this mobility looks like in real time. Hence AT is
the optimal tool to investigate this system. By tracking the cluster under the STM tip,
each of its movements can be recorded with unprecedented resolution in time and in

space.

For the first application graphene Moiré was chosen because of its periodical wettability
on a large scale and its local scale characteristics: Mobility from one Moiré cell to another
should be observable as well as intra-cell mobility. The choice of the size of the clusters
to be investigated was more difficult to make. On the one side Pdis showed to be an ideal
candidate for ripening measurements because of its geometry that allows for rapid
discrimination of ripening (2-layer vs 3-layer clusters) and to complete the static
investigation from chapter 1; on the other hand the mobility of Pd+s at RT is rather limited
so that AT measurements should cover a large period of time to be able to record a
diffusion event. Although the STM is variable in temperature and AT measurements could
be taken at elevated temperatures, the substrate seemed to show not only cluster
mobility but also that of smaller particles (gases, atomic species) that diffused over the

surface and distracted the tip from the feature under investigation, so that it lost control.
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Furthermore, measuring at elevated temperature demands more time, due to the thermic

drift that occurs each time the heating parameters are changed.

Thus a smaller particle that showed more mobility already at RT was chosen, namely Pd1..
Pdi. has already been investigated on graphene on Ru(0001) before and the calculated
structures show that it has two isomers, one 1-layer high with twelve atoms in contact
with the surface and one 2-layer high isomer with only seven atoms in the lower layer and
five in the upper layer.*! |t was shown experimentally that the higher isomers show a
larger mobility than the lower isomer, which could be traced back to the smaller footprint
of the former (see Fig. 41). A larger footprint leads to a stronger binding and hence to a
reduced mobility. In terms of comparability of these two supports, a similar behavior is

expected on Rh(111).

In the following experiments we have studied these 2-layer Pd+, clusters on graphene
Moirés grown on Rh(111) in order to understand the conditions and parameters that are
necessary to track them in a reliable and undisturbed manner. As outlined in chapter 1,
on Rh(111) the clusters encounter less interaction at the wetting sites than on Ru(0001).
Therefore Rh(111) turns out to provide ideal conditions to check the tracking of clusters at

RT.

This chapter will be organized as follows: In a first step, experiments investigating the
influence of gas adsorption mediated diffusion are described. Additionally the influence of
the bias and the electric fields that build up in the tunneling gap is checked. In the

following, several cluster track experiments are presented.
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Influence of gas adsorption induced diffusion

One factor that could have an influence on the clusters dynamics is the activation due to
gas adsorption, which was e.g. investigated experimentally by Gerber et al.B® Even if we
could not observe an effect of CO on the stability in the static investigation of chapter 1, it
could be interesting which effect a larger amount of CO in the backpressure of the STM

could have on the clusters and to study the effects on a smaller scale.

In the present study, CO was dosed on the Pdi. clusters to see if it could enhance their
mobility, even without a lifting of the Moiré superstructure as observed by Gerber et al.
During the tracking, a CO backpressure was stepwise raised over half an hour. In Fig. 22

the tracking graph of a first try can be seen.
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Figure 22. Tracking graph of a Pdi, cluster on graphene/Rh(111) that was dosed with CO
color-coded with the Z-position (first experiment). Tracking conditions: K,=0.05, Ti=10 ms,
Ts=1 ms, lock-in phase: 335°.
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No long range diffusion of the cluster observable upon this CO dosing. The tracking stays
calm over a longer period, but some jumps between 100-150 pm can be seen at the end.
As for one jump around 2000 s also a movement in the Z channel is observed, it could be
that an adsorption of a CO molecule takes place and that this adsorption provokes a

movement of the cluster maximum.
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Figure 23. X-, Y- and Z-channels during the tracking with CO background (from top to
bottom). The pressure indication reflects the value of the pressure gauge in the STM
chamber. At the beginning the background pressure was 6-10-'° mbar.

Regarding the range of the lateral movements, it is hardly possible that the whole cluster
moves following a concerted gliding mechanism. It is more probable that CO enhances
the mobility of single Pd atoms on top of the cluster and that therefore the maximum of
the cluster shifts laterally. Sequential diffusion or edge diffusion of single Pd atoms could
be the mechanisms behind this observation.*! It could be just as well that a CO molecule

provokes a tip change and that this changes the cluster’s apparent position.
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In another experiment (see Fig. 24 and 25), which lasted twice as long as the former one
and was operated until higher CO pressures, one sees still no long-range Diffusion of the
cluster, but a jumping of the tip or a shift of the cluster’'s maximum already at lower
pressures. The lateral jumps are in the range of several hundred picometers. Additionally
there are zones with more or less noise. The nervousness changes after a jump, which
could be mediated by the adsorption or loss of a CO molecule on the tip. The long-time
dosing of the CO gas did not allow checking for stable conditions of the cluster after the

gas has been switched off, since a tip change upon the gas dosing happened during the

tracking.
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Figure 24. Tracking graph of a Pdi, cluster on graphene/Rh(111) that was dosed with CO
color-coded with the Z-position (second experiment). Tracking conditions: K,=0.05, T=10 ms,
Ts=1 ms, lock-in phase: 325°.
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The Z channel does not show any abrupt vertical movements; it is noisy and thus it is
hard to subtract the background by the drift correction. The reason for this noise could be
the adsorption of CO under the tip or on the cluster. More clear information about the
topographic channel could have helped in explaining the fact that after the tracking the
cluster has undergone an isomerism and changed from a 1-layer to 2-layer geometry.
Nevertheless it is thinkable that CO does not only provoke jumping of single atoms in the
horizontal but also in the vertical direction. The isomerization could happen, not by a
concerted mechanism but by a multitude of single atom species on the cluster that

become mobile through the adsorption of CO.
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Figure 25. From top to bottom: X-, Y- and Z-channels during the tracking with CO
background (second experiment). The pressure indication reflects the value of the pressure
gauge in the STM chamber. At the beginning the background pressure was 4.8-10°'° mbar. A
particular noisy section is marked by a dashed frame.

This forming of CO adsorption species and their mobility has already been investigated

by Parkinson et al.®® They had a look at Pd adatoms that were dosed on a Fe;0,4(001)
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surface. The adsorption of the CO molecule showed to be responsible for the induction of
mobility of the adatom and its coalescence to larger clusters. The coordination of a CO
molecule to the Pd adatom competes with the bridge binding of the adatom to the
oxygen atom of the ironoxide. As a consequence the binding of the adatom to the
ironoxid is weakened and diffusion is facilitated. Such a coalescence effect could not be
seen here, because no long range diffusion to another cluster occurred. Nevertheless CO
adsorption on Pd atoms could be responsible for the rearrangement of the atoms in the

cluster, i.e. the isomerization.

In contrast to the experiments of Gerber et al., our experiments investigated an isolated
cluster, whereas on graphene/Ir(111) the mobility of the clusters were documented by
STM scans which showed an ensemble of several tens of clusters. The strong effects
observed by Gerber et al. are related to the particularity of the Ir(111) support that the
Moiré structure is induced by the cluster adsorption itself. Once the clusters unpin, on

graphene/Ir(111) the Moiré structure collapses.

Influence of the voltage bias

When investigating dynamics and mobility of particles on surfaces with STM and STM
related techniques such as AT, the question arises whether this measuring process is
noninvasive and the results are free from effects due to the measuring conditions. Indeed,
when keeping the STM tip close to the surface an electric field builds up due to the bias
that is applied between tip and surface, there can be effects from inelastic electrons and
chemical bonds can be formed. In this electric field, diffusion processes could be
inhibited or even accelerated. Hence, it is of utmost importance to find measuring

conditions that are least invasive.
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Figure 26. Scheme of the tip-sample set-up in the STM. The non-linear electrostatic field has
been drawn linear for a clearer representation.

In their 1998 paper, Swartzentruber and Carpinelli raised the same question and
proposed a method to verify the noninvasive measurement.®® They put the STM tip in the
dithering mode over a surface feature, in their case a Si dimer on Si(001), and performed
a Z-V scan, while keeping the vertical feedback on. With the bias changing, the tip
regulates Z in order to keep a constant tunneling current. Thus, the electric field felt by

the Si dimer is directly proportional to the bias divided by the tip-sample distance.

They found what seems to be clear by intuition, that the smaller the bias, the smaller the
tip sample distance gets. In total, the electric field is enlarging because the distance
decreases more rapidly than the bias. Their conclusion therefore is not to measure at too
small bias to avoid a too strong electric field. Strong electric fields, but also large currents
can influence the kinetics of the adsorbate, such that they can overcome their intrinsic
activation barrier for diffusion.k % However in the course of their study they find that the
electric field only has a minor influence on the diffusion kinetics: The activation barrier for
diffusion only changes by 3%. As all the here described measurements are performed at

the lowest possible tunneling current setpoint for our system (1 pA) and as this value
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showed not to influence the clusters during conventional STM measurement, an influence
on the adsorbate’s kinetics by the tunneling current can only be studied once the

diffusion is taking place.
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Figure 27. Z(V) spectroscopic measurements with a setup corresponding to a tracking
measurement. The voltage has been scanned from -1V, resp. from +1V to -1 mV, resp.
+1 mV to avoid the zero-crossing. An offset in Z has been added for clearer representation.

In order to check the tip-sample distance in our system with varying bias voltage, similar
measurements as in Carpinelli et al. were done for Pdi. clusters on a graphene/Rh(111)

support. Some of the results of this study are depicted in Fig. 27. Since below a certain
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bias the tip-sample distance starts to oscillate and decreases dramatically and since on
the negative bias side the erratic behavior of the tip shows pronounced abrupt jumps of
more than one Angstrom with a high noise level, the bias for these measurements was
kept at a value of +1 V. At this bias the tip-sample distance is around 8 A (see Fig. 27,
compared to the tip-sample touch at 0V) and safe enough to exclude any influence of the

tip on the clusters’ diffusion kinetics.
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Figure 28. Tracking graph of a Pd. cluster on graphene/Rh(111). The diffusion of the cluster
starts only after a decrease of the bias from -1 V to -0.5 V. The black circles mark the resting
positions. Tracking conditions: K,=0.05, Ti=10 ms, T.=1 ms, lock-in phase: 168°.
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Concerning tracking at these conditions, Fig. 28 shows the tracking graph of an
experiment where the bias was continuously raised from -1V in 50 mV steps during the
tracking. At around -0.6 mV, the tip shows horizontal instabilities, i.e. in the same range
than the Z-channel for the spectroscopy experiments above. At -0.5 V the cluster starts to
get mobile and diffuses over the surface. Due to bad tip conditions before and after the

tracking, the tracking path could not be correlated to the graphene registry.
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Figure 29. From top to bottom: Evolution of the X-, Y-, Z-channel and the derived lateral
velocity and the vertical displacement. The movement phases are underlayed in gray. The
numbers mark the resting positions from Fig. 28. The bold dashed line at 360 s marks the
beginning of the movement. The Z-channel does not show any interesting feature. Lower
part: Lateral velocity (left axis, black) and vertical displacement (right axis, gray) of the tip’s
position during the tracking.
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This experiment shows clearly that a small bias tends to increase the interaction of the tip
with the cluster and thereby also the mobility of the cluster. This behavior could only be
observed for a bias below -0.5V. As it can be seen in the following examples, the bias

was always held at +1 V to suppress field effects as much as possible.
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Track of a cluster in a potential well

Another example for mobility of a Pd+» cluster is shown in Fig. 30.
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Figure 30. Tracking graphs of the same Pd;. cluster performing each time a jump upwards of
around 1.6 nm. Tracking conditions: K;=0.05, Ti=10 ms, T.=1 ms, lock-in phase: 348°.
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In this case the cluster switches between two positions in two neighboring Moiré cells, as
can be seen in the tracking graph with the distance of the jumps corresponding to the

distance between a ring-fcc site and a ring-hcp site in the Moiré cell (Fig. 31).

Figure 31. Scheme of two neighbored graphene Moiré cells. The attribution of the high
symmetry sites and the Moiré cell length can be found in literature®.. The distance between

hcp- and fcc-site is calculated by ?a, with a being the Moiré cell length.

Further proof for this finding can be found in the recording of the Z-channel (Fig. 32).
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Figure 32. Evolution of the Z-topography channel with time. After 740 s the jump can be
recognized by a rising in height of 40 pm. The Z-topography of the second jumps is
analogous.
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The two adsorption places differ in height by 40 pm, which corresponds to the difference

between a ring-fcc and a ring-hcp site on graphene/Rh(111).6%!

Figure 33. Series of STM topographs of one cluster jumping back and forth between two
adsorption sites, with blue colored being in the upper adsorption place and red colored in
the lower one. The series lasts for more than 3 hours. Note that a double apparition on the
image is due to a jump right at the same time as the tip scans the cluster. Scanning
conditions: +1 V, 1 pA.
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This switching process can also be observed in an STM image series, where it becomes
obvious that the cluster jumps from the lower in the upper cell and vice versa. The
graphene superstructure in this series is poorly resolved due to the circular movement
that was still on during scanning and because of poor tip conditions. Though, the STM
images show that the movement is not tip-directed, as the jump also takes place against
the scan direction (from bottom to top). The tip may however influence the hopping rate.
In the tracking channels only one jump takes place within 50 minutes, whereas in the STM
image series the switching takes place at least five times more often. The STM image
series also shows that this switching was stable over a long time and over hours the

cluster did not move to a different location.

The question arises why the cluster only diffuses between these two Moiré cells and does
not go further away. Due to the poor scanning conditions the underlying graphene
substrate cannot be resolved and unfortunately the Moiré structure cannot be derived
either. Thus it is not clear whether the surrounding graphene is interspersed with defects
and form a 2-minima potential comb, where the cluster is captured, or another

phenomenon is involved.
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Track of a colliding cluster
In another case a diffusing particle showed an interesting behavior in Z during tracking.
Fig. 34 shows the tracking graph of this diffusion event overlaid to a conventional STM

topograph taken before the AT.
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Figure 34. Tracking graph of a Pdi. cluster on graphene/Rh(111) color coded with the lateral
velocity and overlaid to an STM topographic image taken before the tracking. Tracking
conditions: K,=0.05, Ti=10 ms, T.=1 ms, lock-in phase: 168°. Scanning conditions: -1V, 1 pA.

The Pdi. cluster diffuses from the lower right to the upper left corner of the considered
section of the graphene substrate and stops 15 nm away from the starting point.
Considering that in the previous case the diffusion stopped because of a step edge, here,
no step edge was in the vicinity. A closer look to the Z-mapping of the diffusion pathway
shows that the Z-channel recorded several jumps that are in the range of an interlayer
distance in Pd. It seems that the cluster isomerizes several times during the diffusion. At

the end of the tracking the cluster is higher than in the beginning.
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Figure 35. Evolution of the Z-topography channel with time. During the tracking after around
1500 s the Z-channel shows several jumps that are in the range of atomic layers.

The STM scan preceding the tracking reveals why the cluster stopped its diffusion. At the
position where the cluster stops, there was another cluster before tracking. Assuming that

this cluster has not moved during the tracking, the two clusters might have coalesced.
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Figure 36. Tracking graph of a Pd,. cluster on graphene/Rh(111) color coded with the vertical
displacement and overlaid to an STM topographic image taken before the tracking. The
color coding reveals the raising of the vertical displacement just before the diffusing cluster
hits its neighbor.

The feature observable in the Z-channel corresponds therefore to a coalescence process.

Such a process has already been observed in our laboratory by imaging of Pdis clusters
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on Rh(111) at a higher coverage at 50°C.B" The corresponding time lapse movie of the
consecutive STM scans shows a fuzziness in the cluster’s shape (streaks in x-direction).

Some frames out of this movie are shown in Fig. 37. This fuzziness might indicate

peripheral diffusion of adsorbate molecules that induce the diffusion process.

Figure 37. Evaluation of ripening processes of Pd,s clusters on graphene/Rh(111) at 323 K.
White circles represent Pdi, blue circles Pdss and red circles Pds;. Image sizes: 34 x 34 nm?2.
Imaging conditions: -1V, 1 pA. This figure is part of the thesis of Michael Kénig and has
been reproduced with the permission of the author.?"

The vertical displacement in this case confirms the collision, as it shows a positive
contribution right in the vicinity of the colliding cluster (Fig. 36). Upon merging the two
clusters form a new 2-layer high Pd.. cluster which is more stable towards diffusion than
the single Pdi. cluster, due to its larger footprint. The new cluster just slightly moves
within the Moiré cell in order to find the optimal adsorption place and stops there. A
zoom-out of this area after the tracking (Fig. 38) shows another cluster neighbored to the
merged cluster. The measured distance between these two upper neighboring clusters is
decreased after the tracking, which is in agreement with the shape of the tracking path.

Also the height increase of the merged cluster can be seen in this figure.
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Figure 38. Upper part: STM topograph taken before the scan an overlaid to the tracking
graph in the preceeding figures. Lower part: STM topograph taken after the tracking. The
quality of the tip in the second scan is worsened, but nevertheless the line profiles,
represented by white lines, reveal an increase in height of the cluster in the middle from a 1-
layer to a 2-layer cluster.

The lateral velocity shows an increase when moving away from an adsorption place and a
decrease when moving towards (Fig. 34). In two places the cluster decelerates more, up
to nearly stopping, which are two different adsorption sites, notably ring-fcc and ring-hcp

sites. This shows again that on graphene/Rh(111) both sites are equally frequented.
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Track of a cluster diffusing over a step edge

In all of the experiments the Pd:, clusters were soft-landed on a graphene on Rh(111)
surface at a low coverage in order to avoid coalescence of the clusters already before the

measurement and collisions of the cluster under investigation during the measurement.
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Figure 39. Tracking graph of a Pd. cluster on graphene/Rh(111) color coded with the vertical
displacement and overlaid to an STM topographic image taken after the tracking. The
starting point has been determined using STM overview images of less quality taken before
the experiment (see Fig. 40). The numerated white circles mark the four main resting points.
Tracking conditions: K,=0.05, Ti=10 ms, T=1 ms, lock-in phase: 348°. Scanning conditions:
+1V,1pA.
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On periodic surfaces, references (clusters or step edges) are needed; hence the coverage
should not be too low. Some, in the best case, immobile clusters should be present on
the same section of the surface, which will be helpful in reconstructing the start and the
end point of the tracking. Characteristic step edges act in the same way with the
advantage that they are not mobile in any case. The starting as well as the end point are
sometimes difficult to define correctly, because the STM images taken before and after
the tracking often show large differences in imaging quality. Switching the AT on or off is
associated to an abrupt change in the tip’s direction and velocity (circular movement) and
can thus provoke changes of the tip apex and though the quality of the imaging. These
changes can be reduced by placing the tip as near as possible to the cluster before

activating the AT and by programming waiting times in the start and end procedures.

In Fig. 39 the track of a Pd+. cluster is overlaid to a STM image taken some time after the
end of the tracking. This overlay is not arbitrary. The start point can be defined using an
image taken before the tracking (see Fig. 40) and showing the same large cluster as on

Fig. 39 on the lower left side.

To find the correct end point is trickier though, because the cluster slightly moved after
tracking and before taking the STM image in Fig. 39. Nevertheless, thanks to STM images
of poorer quality that have been taken in the meantime, the position of the cluster at the
end of the tracking could be reconstructed. In addition to this, the four main resting
positions of the cluster during its drive over the terrace help to align the trace to the
image. These resting positions - marked by white circles in Fig. 39 - are supposed to

coincide with ring-fcc or ring-hcp binding sites.
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Figure 40. STM scan taken before the tracking and showing the position of the cluster (full
circle) at the beginning relative to the stable cluster (dashed circle), which remains at its
position even after the tracking. Using the faintly appearing Moiré structure of this image the
original position of the cluster could be determined in Fig. 39.

In Fig. 39, the track shows that the cluster diffuses towards the step edge of the surface
by avoiding the top sites of the Moiré superstructure. This draws an analogy to the
theoretical calculations that have been done for clusters on graphene/Ru(0001).k%!
Eventually the cluster hops to the lower terrace. At the marked positons the cluster stops
for a moment and continues its movement again. These spots lie in between three top

sites and correspond to the fcc/hcp binding sites also shown in reference [24b]. In the
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case of graphene on Rh(111), the energy difference for cluster adsorption in the fcc and in
the hcp site is smaller than on Ru(0001), which explains that on graphene on Rh(111)
clusters bind in both sites in equal shares, whereas on graphene on Ru(0001) the clusters
nearly exclusively bind in the fcc site. Furthermore, one can differentiate the diffusivity of
a one-layer from that of a two-layer isomer of Pdi., the two-layer isomer being more
mobile because of the reduced footprint. Fig 41 shows a modified figure of this reference,
which summarizes a STM scan series documenting the diffusion of the Pdi. clusters.
Note that in this study we presented single diffusion steps of the Pdi, clusters

(represented by white dashed lines in Fig.41), but we have also observed clusters that

cover a distance of more than 20 nm in 20 min.

Figure 41. Isomer-dependent diffusion of Pdi> clusters on graphene on Ru(0001) under
scanning conditions at RT in a time series over 20 min (At = 1 min). All observed trajectories
are indicated on the left side. They have no preferential direction and are thus not dictated
by the scanning direction. The 2-layer isomers, that is, those with smaller footprint, show
higher mobility. Image sizes 41 x 31 nm? imaging conditions, +1V, 100 pA. Reprinted
(adapted) with permission from [24b]. Copyright 2015 American Chemical Society.

The mobility of the Pdi, clusters on the two different supports cannot be compared in
absolute values due to the lower cluster binding energies on Rh(111). On

graphene/Ru(0001), the clusters hop from one cell to a neighbored one, whereas on
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graphene/Rh(111) the movement steps range over several Moiré cells. Nevertheless, we
can estimate the mean displacement over a time range that is for both experiments of
around 20 min. On one side, the AT measurement shows only one diffusion event,
whereas the STM series documents a dozen of events in the same time. On the other
hand the cluster density is around one magnitude lower in the AT measurement than in
the STM series. As a conclusion the mobility of Pd. clusters is in the same range for both

the scanning and the tracking.

When considering the diffusion of the cluster on a more global scale, it is possible to
calculate the diffusion constant and the related exponent of the diffusion time step by
analyzing the data of the cluster’'s movement using the formula presented in the
theoretical overview. By plotting the mean square displacements against the time needed
for this displacement and fitting the graph using a power function results in a general
diffusion constant D of 4.75-10%' m?/s and an anomalous parameter o of 1.9 (see Fig. 42).
This means that the diffusion process observed is superdiffusive, but the anomalous
parameter is close to 2, which corresponds to a ballistic movement, or to pure drift and
which can be influenced by the tip. The diffusion constant in our case is much smaller
than the value of the diffusion constant of atomic Rh adsorbates on Rh(111)

(Do=2:10"% m?%/s) found in the literature.*!

As can be seen in Fig. 39, once the 2-layer cluster in movement, it only stops at defined
capture positions and makes longer runs over several Moiré cells without stopping at one
of the intermediate potential adsorption positions. The fact that the cluster does not stop
in the neighboring cell underlines that the cluster has to dissipate energy in order to hit
the next wettable site. This brings to mind the concept of Lévy-flights, which was

presented in the introduction to this chapter. In this case longer resting periods are
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followed by longer jumps. Only if the cluster approaches strong binding sites it can be
captured. Nevertheless, this process will require efficient energy dissipation. Otherwise

the cluster would continue its movement and would rush past the binding site.
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Figure 42. Mean square displacement of time intervals from 0 to 800 s. The considered data
exclude the time before the first and after the last movement. Note the large error bars for
large displacements (large times) due to restricted statistics.

This fact allows postulating that the cluster’s diffusion on graphene follows a Lévy flight
type behavior with long flight intervals in between the resting points, as it was already
described in the theoretical approach. Hence, during its movement, the cluster leaves out
several potential adsorption places in between the resting positions. The reason why the
cluster does not bind to these intermediate places might simply be the fact that once the
cluster having enough energy to overcome one batrrier, it can overcome some more and
continues its motion. Other examples of such diffusion processes can be found in
literature 1% %, In some of these cases the reduced affinity of binding to a neighbored

binding site is attributed to the low friction of the particle on the support and thus relates
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this type of movement to a rollercoaster. Thus graphene/Rh(111) seems to be a support

for clusters that is very slippery when they are far from the wetting sites.
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Figure 43. From top to bottom: Evolution of the X-, Y-, Z-channel and the derived lateral
velocity and the vertical displacement. The movement phases are underlayed in gray. The
numbers mark the resting positions from Fig. 39. The bold dashed line at 1130 s marks the
step to the lower terrace. After the step the cluster stays fix at its position, whereas the Z-
channel still displays vertical movements. Lower part: Lateral velocity (left axis, gray) and
vertical displacement (right axis, black) of the tip’s position during the tracking.

When having a look at the Z-channel, no clear feature of the step edge or of other vertical
interaction is visible. The Z-channel is very noisy in between the marked resting zones.
The information from the Z-channel can be transformed into a vertical displacement by

calculating the displacement from one measuring point to another and smoothing the
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resulting curve. Dividing by the time increment thus gives the velocity of the cluster at that
specific increment. In fact, this transformation corresponds to the first derivative of the Z-

channel. Thus more information can be extracted.

In between the four main resting points the vertical displacement is higher. During its trip
over the Moiré cells, the cluster has to face bridge sites and comes close to top sites, so
the barrier it has to overcome is not only energetically but also geometrically higher. After
1130 s the vertical displacement in the lower graph of Fig. 43 (black line) breaks down
exactly when encountering the step edge and in correspondence to the diffusion of the
cluster to the lower terrace. This movement down the step is related to the overcoming of

a barrier. A zoom-in of this step edge region is displayed in Fig. 44.
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Figure 44. Detail of the tracking graph of the Pd, cluster on graphene/Rh(111). The color
coding shows the abrupt collapse of the vertical displacement at the exact position of the
step edge.
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The following jumps in the Z-channel as well as in the displacement channel can be
attributed to an isomerization process of the cluster coordinated to the step, the cluster
having a new 3-layer geometry. This isomerization is associated to a fuzzy phase in the Z-
channel and followed by a quiet phase, upon which the cluster continues moving along
the step after the tracking. The quality of the Z-channel shows that it is reliable on a short

term, but that drift is still acting in this direction, which is problematic on the long term.

The same analysis can be done with the lateral channels and the resulting lateral
displacement (or velocity) can be overlaid to the tracking path (Fig. 45). There are

extended periods of high velocity and in between, at the resting sites, the displacement is

smaller.
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Figure 45. Tracking graph of the Pdi. cluster on graphene/Rh(111) color coded with the
lateral velocity of the tip. The tracking and scanning conditions are identical to Fig. 39.
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It also becomes visible that the cluster decelerates, when coming close to a resting
position and accelerates, when diffusing away. In the case of diffusion towards the ring-
fcc and ring-hcp sites respectively, the binding energy barrier increases. This can

decelerate the cluster, if energy is dissipated.

Figure 46. Theory results on the diffusion path of a mobile, low footprint (2-layer) Pd;, isomer
on graphene/Ru(0001). Displacement of the cluster with the center of mass (com) moving
along the C-C bond (see a — b) requires a smaller activation energy barrier than motion of
the com in the direction of the center of the honeycomb ring (a — x). In the calculated
diffusion path (a — b — c) with the lowest activation barrier, the first step out of the F
adsorption site (a — b) requires a much larger activation energy than the subsequent step (b
— c¢). The following diffusion steps (in the direction of the B-site region) require successively
smaller activation energies. (b) Schematic energy-surface diagram that summarizes the
results of the calculations, displaying the relative values of the binding energies of the
cluster to the surface (relative to the F site taken as the zero of the energy scale), the
respective calculated outward diffusion barriers from the F, B and H sites (with a,b, and ¢
marked in the F region, on the left, corresponding to the path a-b-c in panel (a)), and the
range of upper and lower bounds for the variation along the diffusion path of the interaction
energy of the cluster with the surface. Note the relatively high energy barrier (~0.4 eV)
inhibiting diffusion of the cluster into the H region, while the highest local barrier for
diffusion out of an adsorption site is found for the F site. These activation barriers lead to
almost exclusive population of F sites under the investigated conditions. (c) Part of the Moiré
formed by the graphene layer on the Ru(0001) with the 2-layer Pd,, cluster adsorbed at the F
site; the color scale in the upper right gives the distance of the carbon atom from the
topmost layer of the underlying metal surface. Superimposed we show the most probable
diffusion paths (blue arrows) of the cluster between adjacent F sites (see panel (a,b)),
constructed from the results of the first-principles calculations. The first-principles
calculations and the set of the figure have been performed by the coauthors of the cited
publication, B. Yoon and U. Landman. Reprinted (adapted) with permission from [24b].
Copyright 2015 American Chemical Society.
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The kinetic energy has to be dissipated efficiently in this case. When driving away from
the strong binding sites the cluster no longer gets caught by sites where it can dissipate

and accelerates, in analogy with a former study that was performed on gr/Ru(0001).24!

Fig. 46, taken from this study, shows the relation between the diffusion path and the
activation barrier for each displacement step. The figure has been drawn using first-
principles calculations. The results from this study cannot be adopted one to one to our
measurement as they are related to two analogous but though different supports. The
main difference is the total energy differences of the clusters being adsorbed in the ring-
fcc site versus the ring-hcp site. On graphene on Rh(111) this difference seems to be
rather small as the clusters bind in the two positions in the Moiré cell in equal shares. It is
important to note that the cluster can also bind strongly in the neighbored position on the
Cs ring; therefore also small displacements in the order of a carbon-carbon distance are

possible (see Fig. 48).

Figure 47. Zoom-in of Fig. 44, displaying the velocity colored track of the cluster over the
graphene surface. The neighbored ring-top sites are marked by white dots, whereas the
visible defect zone is marked by an arrow.
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The high lateral displacement of the cluster after the first stop is probably due to the
neighboring defect in the graphene layer, which can be seen by the irregular constitution

of the Moiré cells, displayed in a zoom-in in Fig. 47.

In order to get a more detailed view of the adsorption process in the resting positions, a
zoom-in of the cluster’s track around the resting position 1 is displayed in Fig. 48. The
cluster approaches the adsorption site, which is supposed to be a ring-hollow site on the

substrate, from the lower left corner whereupon its movement comes nearly to a rest.

Figure 48. Zoom-in of the cluster track in the resting zone 1. The track is color-coded with
the lateral velocity. The cluster, coming from the lower left corner, approaches the ring-
hollow site marked by three schematic Rh atoms. To guide the eye the white dots represent
the carbon atoms of the graphene layer. After a long waiting time in the ring-hollow site, the
clusters starts a slow movement in the proximity before enhancing abruptly its velocity and
rushing away to the left of the zoom-in.
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After some time the cluster starts a slow movement in the proximity of the ring-hollow site,
which is marked by three schematic Rhodium atoms. The carbon ring, represented by
white dots, is centered over these three atoms. In these carbon hexagons the cluster
resides for a longer time. Suddenly the cluster takes up velocity in a position off-center
and the track shows a fast movement of the cluster to the left, which starts the diffusion
step that will end up in the resting position 2. It seems that the cluster explores the
surrounding binding sites in the same way as anticipated by the simulation and once the
cluster has accelerated, it has no chance to get caught by the ring-hollow site again, not
even if flying right over it, because there is no time to dissipate the obtained kinetic

energy.
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Discussion

In this section a technique for time resolved STM was presented: The Atom Tracking
technique was first described theoretically and its evolution through the last 20 years was
depicted. A major part of the workload lay on the implementation of the technique into
our STM system. This implementation turned out to be time expensive due to the setup
from scratch that was required in order to find a solution that could be fully controlled by
us. Hardware just like the software were developed in-house and required a set of control

parameters that had to be determined for the specific cluster diffusion problem.

Finally, the first experiments using the Atom Tracking technique showed the power and
the accuracy of this method. Clusters or other protrusions on the surface can be tracked
with a time resolution of 10 ms. The coordinates of mobile clusters could be recorded
with an accuracy below one angstrom and together with the information in the vertical
direction a complete picture of the clusters’ movement could be drawn. The experiment

could be driven for long times and could cover large distances (up to 100 nm).

Nevertheless the statistics are still rather limited. Up to now, only a few clusters could be
tracked and the reasons for that are mainly attributed to the low diffusion probability of
the observed clusters. A long range ordered support, namely graphene on Rh(111), was
used, which had to be free of defects and have domain boundaries of over hundreds of
nanometers. The low cluster coverage, essential for the observation of collision-free
diffusion events, made it difficult to catch diffusing clusters. Experiments at elevated
temperatures were not yet successful, since thermal drift has to be controlled in a more
efficient way and since diffusing contaminations blocked the cluster tracking control. AT
measurements at elevated temperatures could nevertheless be fruitful with tracking

parameters that hold the tip on the cluster and not be distracted by smaller diffusing
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particles. To enlarge the amplitude of the circular movement could be the key parameter

in this case.

The movements that were observed for the clusters differ from classical atomic diffusion
or the movement of silicon dimers on Si(111) as observed by Swartzentruber.®® He
observed defined hops or jumps between adjacent adsorption sites. These jumps happen
2-dimensionnally and randomly but more often than our cluster movements. This is why
for the case of silicon dimers distinct hop statistics can be made and the activation
energy for a jump can be calculated through an Arrhenius plot. In the case of clusters on
graphene, the situation is more complicated. The cluster can move in each of the
directions on the surface and the interaction of the cluster and the support is not limited
to adjacent adsorption sites but is subject to a complex interplay due to the periodically
wettability of the graphene. The cluster not simply jump from one ring-hcp or ring-fcc
binding site to a neighbored one, but perform a complex movement with periods of
acceleration and deceleration, and long diffusion events over some ten Moiré cells before
coming to a rest. We observe that metal clusters on graphene can display a Lévy flight-
type displacement over large distances, while still being caught by distinct adsorption
sites on the graphene support. The interplay of the cluster’'s movement with the
periodically wettable graphene support, as well in the horizontal as in the vertical direction,
can be shown by the Atom Tracking measurements. Small movements around wettable

resting positions seem to follow the results anticipated by DFT calculations.

In order to improve the statistics of mobile clusters, the quality of the graphene layer is of
uttermost importance. Mobile clusters on poor quality graphene are caught by defects

that exhibit additional, stronger adsorption places to the clusters. A fact that was
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illustrated by a tracked cluster that hopped between two adsorption places within a

potential well in the graphene sheet.

In the view of future experiments, other cluster sizes should be checked on the same
support as well as on supports that differ by the clusters’ adsorption properties. The
difference in the adsorption environment should also have effects on the diffusion pattern
of the moving clusters. Especially the beginning and end of each movement step is of
high interest, as more insight into this step could provide detailed information of the local
diffusion of the cluster and the cluster’s binding properties to the support underneath. In
order to get this kind of information, the definition of the cluster’s position has to be even
more accurate and the tracking properties should be optimized in view of such an

investigation.
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Conclusion and Outlook

In the first chapter | reported on size-selected and soft-landed Pd clusters that were
investigated by conventional STM of the monodisperse cluster distributions. The
evolution of the PSD upon subsequent annealing steps allowed insight into the competing
cluster ripening mechanisms. The study was performed on three different substrates: a
bare metallic Rh(111) surface, graphene Moiré films on Rh(111) and Ru(0001) surfaces, as
well as a hexagonal boron nitride Moiré on Rh(111). These substrates differ in their long-
range order as well as in their atom and cluster adsorption strength. On the bare metal
surface as well as on h-BN/Rh(111), the Pd clusters grow exclusively by Ostwald ripening
due to the stronger binding of the cluster to the substrate. On epitaxial graphene, in
contrast, the clusters ripen by Smoluchowski ripening up to 600 K, and only then a

crossover to Ostwald ripening sets in.

Important insights into the structural and energetic factors that govern the operative
atomic-scale processes of mass-transport and ripening mechanisms could be
understood on the basis of first-principles DFT calculations. These calculations explored
the nature and strength of the cluster bonding to the surfaces, dependencies on the
supporting surface and the structure of the adsorbed cluster, as well as the energies of
atom and dimer detachment from adsorbed clusters. The combined experimental and
theoretical investigations allowed to relate the differences in the ripening behavior to
distinct properties of the different substrates: The periodical wettability and the different
binding strenght at the cluster adsorption sites suggest a strategy aimed at optimizing the
stability of surface-supported clusters against ripening. Accordingly, one can conclude
that in attempting to control particle coarsening on surfaces, one must optimize both, the

binding of the entire adsorbed clusters to the substrate - playing a key role in the cluster
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migration/coalescence processes, termed here the Smoluchowski ripening mechanism -,
as well as the interactions of single atoms or very small clusters serving as mass-
transport species in the Ostwald ripening mechanism. Such circumstances may be
realized by suitable choice of surfaces with laterally modulated wettability. On such
surfaces, stronger binding of the adsorbed metal clusters to particular sites (wettable
areas) anchors them locally, while the relatively weak interaction of single metal atoms
with non-wettable regions of the substrate blocks interparticle exchange of matter and
limits the preferential residence to the wettable areas that act as attractive catchment
basins. This study shows that surfaces with modulated wettability, that is graphene- and
hexagonal boron nitride-Moiré films grown on late transition metal surfaces, such as
Rh(111) and Ru(0001), can be employed as useful model systems for control of adsorbed
particle coarsening. The information gained in this investigation provides the impetus for
further development of stable effective nanocatalytic systems and investigations of their
stability and catalytic properties through the use of surface-supported size-selected

clusters.[6"

The second chapter of this thesis deals with the implementation of an Atom Tracking
technique and its application to small clusters that diffuse already at RT on a periodically
wettable substrate, namely size-selected Pdi. clusters soft-landed on graphene/Rh(111).
It could be demonstrated that the path taken by the diffusing clusters is related to the
geometric and electronic properties of the graphene superstructure, e.g. by avoiding the
ring-top sites. The technique could be implemented in such a way as to facilitate the use
for a general community. The hierarchical implementation steps are explained in detail
and test experiments, which investigate the influence of the voltage bias and CO gas

dosing on the measurement, are described.
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Two cases demonstrate that the diffusion of clusters can be traced by AT; the termination
is not given by technical limits, but is due to characteristic defects and coalescence
events that can each time be elucidated by post-tracking STM images. By relating the
mean square displacement to the time interval of the movement, a diffusion coefficient as
well as the parameter for anomalous diffusion could be calculated. The movement points
to be anomalous and is related to Lévy flights, where large displacement step lengths and
long waiting times in the adsorption position are possible, in contrast to a classical

random walk.

This thesis established a method in our laboratory and elucidates possible investigations
with AT in the future. Once the conditions are optimized for driving AT at higher
temperatures, temperature dependent measurements of a cluster’s diffusion could give
insights into the kinetics of the cluster-substrate system and their related thermodynamic
parameter. Comparable to the work of Swartzentruber, an Arrhenius plot combining
measurement for different temperatures could provide the activation energy for such a
diffusion step.®® Furthermore the conventional transition state theory allows for
determining the prefactor of the diffusion rate expression, which is related to the
floppiness of the adsorbed cluster, and the entropy of activation, which gives insights into

the configurations of the transition state.’®®

Beside of looking at the cluster’s diffusion from cell to cell, also the diffusion within the
Moiré cell seems to be promising. If a cluster can be found that can reach by thermal
activation over a sufficient measurement interval all the positions in the Moiré cell (ergodic
behavior), a potential energy surface of the graphene Moiré could be drawn, based on the
population histograms. Furthermore, by linking the lateral and vertical information that

can be obtained by AT with high precision, the diffusion of clusters with different sizes
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can be compared. Here it will be interesting to know if clusters with open and closed
shells diffuse differently, e.g. due to different peripheral diffusion of cluster atoms that
mediates fluctuations of the clusters’ center of mass. Thus AT is highly promising for

shedding light on the interaction of noble metal clusters and their respective supports.
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