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Introduction 1

Introduction

Nano physics is a prime example for a scientific field that was not even known to exist until
sophisticated machines were introduced to the scientific community, which were able to de-
tect tiny structures and inherent properties of nanoscopic objects like atoms or molecules. Ad-
ditional tools, developed in the early 50s, broadened the view of a realm that is more unique
and complex than most people had imagined. A prominent example for such a machine is the
scanning tunneling microscope (STM). It was first introduced to the scientific community by
Gerd Binnig and Heinrich Rohrer [1-3] and won them together with E. Ruska the Noble
Price in Physics in 1986.

The investigated nano scale objects of this thesis are for the most part small compounds
called clusters, consisting of only 3 to 10° identical atoms [4]. These nano particles are tradi-
tionally investigated on their own as a beam in a vacuum chamber using varying spectroscopy
or shape analyzing methods. The experiments of this thesis, however, used a more complex
environment. By placing clusters on certain surfaces, newly emerging properties of the com-
bined system could be analyzed.

Nanometer sized objects can be understood as being influenced by quantum and classical
physics in equal parts. With the correct preparation of the system, it is possible to preserve
some of the more unusual nanoscopic features in a macroscopic body, which opens up a wide
field of possible applications. Wei Lu and Charles M. Lieber, for example, introduced a new
method of creating electronics via a bottom-up approach [5] using nano particles as main
components. J. Bansmann et al. proposed ways to possibly overcome the superparamagnetic
limit in magnetic storage devices using nano particles while highlighting the need for an un-
derstanding of clusters on surfaces [6]. Clusters are not only useful for classical electronics. A
number of problems concerning a prominent device, the quantum computer, seem solvable by
using nano particles [7]. Clusters are involved in a wide variety of catalysts [8—11] where a
thorough understanding of these nano particles can help to increase their functionality. Nano
and in particular cluster physics is an ever expanding field. It enables not only the creation of
new machines or the manipulation of materials but can also be used for passive devices like
sensors [12—14]. Often, applications concentrate on nano particles on their own. However, in
most cases they have to come in contact with a surface at one point. A particular approach in
medical science uses nano particles to locally heat up body tissue [15,16] for different pur-
poses, among others to destroy cancer cells.

Connected to these applications is an ever growing need for a deeper understanding of
cluster-surface interactions. However, there are challenges for scientists of this field, which
are especially a defining size dependence of cluster properties as well as an enormous sensit-
ivity to environmental conditions. For an unobstructed view on the most fundamental cluster
properties in combination with surfaces, a wide variety of combined approaches in well
defined experimental setups is mandatory.
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This thesis concentrates on cluster-surface interactions in multiple magnitudes. They range
from weak interactions, which are realized by graphite surfaces, to strong interactions, which
have been created using metal surfaces. Moderate interactions were achieved by the produc-
tion of a multilayered system that facilitates the strong interaction of metal surfaces and the
weak interaction of graphite. Silver and most recently copper cluster have been a central part
of our experiments. They were deposited onto the mentioned surfaces with well defined
masses and impact energies in an ultra high vacuum. Further parameters like thermal condi-
tions and general cleanliness during sample preparation were handled with great care. In order
to account for the mentioned challenges, this thesis will not only present multiple preparation,
measurement and evaluation techniques but also complementary computer simulations of the
investigated sample systems, which were conducted by our cooperation partners 7. Jarvi and
M. Moseler.
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1 Basics

In this chapter the theoretical foundation, the laboratory equipment and evaluation methods
for the experiments will be presented. The interactions of clusters and surfaces form the basis
of this entire work, theoretically and experimentally. An overview of the theoretical frame-
work is given in the next sections. The devices used have the purpose of producing samples
with specific parameters, creating the desired environmental conditions and allowing a de-
tailed analysis of the clusters and surfaces. Information about that can be found in chapter 1.4
starting on page 28. The experimental procedures and evaluation methods are built around the
special requirements for each experimental setup. A description can be found in chapter 1.5
starting on page 35.

1.1 Free Clusters

In the english language the term cluster traditionally refers to a bunch or collection without
further specification [17]. The more modern Dictionary of Chemistry understands a cluster
compound as a group of metals joined together by metal-metal bonds [18]. In cluster physics,
however, clusters can consist of various atoms, molecules or even larger compounds of the
same kind. There is no clear distinction of how many atoms are sufficient for a particle to be-
come a cluster or how big it can get before it starts to be a macroscopic solid body. Historic-
ally molecular physics and solid state physics are two separate fields, which blend together in
the case of a cluster. So the definition must incorporate both, which means that on the one
hand the atom within a cluster can show clearly distinguished electronic orbitals in its bonds
to neighboring atoms. On the other hand the properties of a macroscopic solid body might
dominate, which leads to the formation of electronic band structures in metal clusters [19]. Of
special interest are newly emerging properties, which are often related to one or both of the
above fields but can nevertheless be absolutely unique.

This work focuses on metal clusters with a few ten to hundred atoms per cluster and their
geometric as well as electronic properties. The fact that these clusters have been deposited
onto a surface can have a great effect on their overall properties, especially due to the wide
variety of unique substrates.

1.1.1 Structural Evolution

It is often helpful to imagine a cluster in the process of being build up from single atoms to
get a grasp on its important properties. There 1s not a lot of variation in possible compositions
in the case of very small particles like dimers and trimers, which only consist of 2 or 3 atoms,
respectively. Despite being a frequent occurrence in many experiments due to their simple
construction, they are not of special interest in this work. A dimer has a binding energy of
about 1.6 eV [20]. Larger structures tend to reduce their internal energy further and are more
complex regarding their geometric as well as electronic properties. Free clusters are usually
fabricated in the gas phase and grow by aggregating. Under certain preparation conditions
they reach energetic equilibrium. While most of them favor a compact, almost spherical
shape, more complicated shapes are also observed in the cluster size evolution. Before



4 Basics

presenting more complex examples, two simple but important structural motives, geometric
and electronically magic cluster sizes, are discussed.

1.1.1.1 Geometrically Magic Clusters

There need to be at least 13 atoms for an important geometrical aspect to emerge. With a
compact shape, it is possible that one atom in the center is surrounded by neighboring ones.
While the inner atoms contribute to the overall mass and electronic properties, the ones on the
surface determine the interaction with its surroundings. By increasing the amount of atoms in
the cluster compound, the ratio of inner atoms, which is proportional to the volume V, to sur-
face As changes according to the following simple equations if the cluster is estimated to be a
sphere:

VZ%TWS . Ag=4mr = V~“~; (1.1)

Thus with a larger cluster a greater proportion of atoms is inside the structure and does
therefore not interact with the environment. Normally a cluster tends to be spherical, but this
is only approximately true. In general it acquires a geometric shape that helps to reduce the
overall surface while energetically optimizing the chemical bonds. In many cases the amount
of atoms does not allow a favorable arrangement, which decreases the stability of the cluster.
Note that a cluster as a 3-dimensional body must adopt a highly symmetric shape in order to
arrange each atom in a similar low-energy state with a maximum of surrounding bonding
partners. At least for metals like sodium, silver or copper this favors a compact sphere-like
shape because it allows an optimal surface to volume ratio. By that the amount of potential
bondings is maximized.

However, for approximately spherical bodies like atoms there exists no closed packed ar-
rangement for each layer in a cluster. Thus a spherical shape is only favorable in very few
cases. As a compromise, so called icosahedra are formed fully or partly, which are compact
on the one hand but allow a uniform distribution of atoms with equal bond lengths. So called
magic geometric cluster sizes have an amount of atoms that allows them to adopt fully
formed icosahedral shapes. The first five so called Mackay icosahedra [21] are illustrated in
figure 1.1, the one with 13 atoms was mentioned before.
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Figure 1.1: First five geometrically magic cluster =~ Figure 1.2: Mathematical construction of an
sizes [4]. They are defined by their icosahedral = icosahedron (see picture credits)
shaped.

The enveloping shape of a geometrically magic cluster can be constructed by arranging
rectangles with an edge length ratio of (1++/5)/2:1 (golden ratio) as demonstrated in fig-
ure 1.2. The next magic cluster size can be formed when an additional layer of atoms is ad-

ded. With the following formula a geometrically magic cluster with N, atoms and k layers can
be computed:

k
N, =1+ (10-+2) (1.2)
i=1

Note that intermediate, partly formed icosahedral clusters, also exist but do not display the
same stability because of the resulting asymmetrical shape. In consequence magic sizes cause
the emergence of intermediate increases in stability when investigating the cluster sizes atom
by atom. It is therefore of great interest how a geometrically magic cluster reacts if atoms are
added or removed from it.

A first observation of the mentioned size evolution was archived by O. Echt et. al. [22]
who investigated xenon clusters in the gas phase. Figure 1.3 demonstrates that geometrically
magic cluster sizes display an increased frequency. Other maxima occur due to additional ef-
fects.
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Figure 1.3: Mass spectrum of Xe clusters in the gas phase. Several sizes appear with an increased
frequency which hints to a greater stability. Among these, marked with red circles, are the geometrically
magic clusters [22].

1.1.1.2 Electronically Magic Clusters

Not only the geometric properties of a cluster determine its stability but also the electronic
ones. This is especially the case when dealing with clusters that consist of metal atoms. As
known in solid state physics for a long time, metallic bonds are not localized at a specific
atom. Instead the orbitals merge to a continuum spanning over the entire compound, which
leads to more sophisticated models for macroscopic metals. The so called Jellium Model [23]
is often used, which replaces the positively charged atomic core by a uniform background
charge. The electrons are regarded as being free to move in this jellium. If the cluster is com-
parably small, the compound acts like an enlarged atom with discrete orbitals, which distrib-
utes its electrons in energetically favorable ways.

An early experiment hinting to electronic similarities between clusters and single atoms
was performed by W. D. Knight et al. [24]. The mass spectrum of alkali cluster beams mass
selected by a quadrupole mass analyzer was investigated. As it turned out certain sizes in the
spectrum showed a significant increase in intensity (N=8, 20, 40, 58, ...). Furthermore, the
numbers of the more intense peaks were those expected from electrons in closed shells of a
spherical potential. These observations lead to the conclusion that electronically magic cluster
sizes existed. They encounter greater stability if they can form closed electronic shells and
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thus have a greater abundance in the measured spectrum, which explains the larger peaks
[25].
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Figure 1.4: Measured mass spectrum of sodium clusters. Electronically magic clusters have an increased
intensity [26]. In the upper right is an electronic shell model for sodium clusters [27]. Sizes marked with a
red box have closed outer shells and are thus electronically particularly stable. This causes them to adopt a
spherical shape.

A simple example for this behavior is sodium, which has only one valence electron.
Clusters with N=8, 18, 20 atoms will now gain the equivalent to noble gas configuration be-
cause the outer shell is filled. Note that the following evolution is not equal to an atomic shell
model. If the equivalent to noble gas configuration is possible for a sodium cluster, it will
gain greater stability, which causes the particular cluster size to be preferred. Electronically
the cluster's behavior can be compared to that of a small metallic droplet. The latter can be de-
scribed by a smooth spherical confinement potential. In such a potential angular momentum
occurs which allows the use of electronic shells. This causes each shell to have a quantum
number n and angular momentum /. The pair (n,/) fills the shells in the following order: 1s,
Ip, 1d, 2s, 1f etc. Each shell can then be filled with 2(2/+1) electrons, just like in a regular
atom [28,29]. A spectrum of sodium clusters and a schematic visualization of the shell struc-
ture is depicted in figure 1.4. With this an additional geometric effect can be concluded. The
mentioned confinement potential, which explains the occurrence of electronically magic num-
bers, hints to a spherical shape of the cluster at least for electronically magic cluster sizes. De-
viations from magic numbers force the cluster to adopt either an oblate or prolate shape.
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1.1.1.3 Examples for Cluster Structures

In this section examples for the properties of several free clusters of different elements will be
presented. Sodium, as an example for an alkali metal, follows a simple growth pattern, which
is strongly interconnected with geometric and magic sizes. Small structures between n=4-19
atoms can be generally predicted by Jellium models with the occurrence of some unusual in-
termediate shapes [30]. Larger structures in the range of n=20-57 atoms form closed shelled
icosahedra interrupted by intermediate transitional shapes. Nax to Nasz have a 19 atom
double-icosahedral core stepwise decorated by a 15 atom equatorial belt. Between Nass™ and
Naus™ the previously resulting structure is then capped by an anti Mackay overlay. With Nass™ a
Mackay overlay on a 13 atom icosahedral core is completed [31]. The special relevance of the
intermediate icosahedral shapes has already been discussed. Copper and silver prove to be
similar in behavior and structure to sodium because all three are free electron-like metals.
This means that mainly their valence electrons contribute to their electronic properties [32],
which partly explains their comparably simple size evolution. Because silver and copper have
been used as cluster materials in the experiments of this work, the following sections will deal
with them in more detail.

Lead like other group 14 (main group IVA) elements does not follow a simple evolution.
Molecular dynamic simulations using a glue potential indicate that the majority of structures
are hexagonally closed-packed or decahedral for n<40. Larger clusters, however, do not cor-
respond to any structure commonly expected for clusters while still having high symmetry
with the presence of magic numbers [33]. A study of H.S. Lim et al. concludes that face
centered structures are favored over icosahedral structures for all clusters sizes [34]. Another
noticeable effect is a strong charge dependence in the growth pattern of small clusters [35].

Tin, also being a group 14 element, shares many characteristic properties with lead. It is a
metal that tracks a prolate growth pattern also found for Si, and Ge, clusters [36]. However,
deviations occur for Si, above n=14 and Ge, above n=21. In the range between n~35-65 tin
gradually adopts an almost spherical shape, while simultaneously passing through several in-
termediate structural families [37]. Smaller tin clusters can also have quite peculiar shapes.
Sniy, for example, is thought to have a slightly distorted empty icosahedral structure [38].
The stability of a tin cluster is not easy to determine. Unsupported Sn, clusters do not melt but
sublime in the size range of n=18-21 atoms [39]. This effect is also supported by Alexandre
A. Shvartsburg et al. who showed a similar behavior for tin cluster ions with #=10-30 atoms.
The melting points of the clusters is about 50 K above that of bulk metal, which is unusual be-
cause normally it is below that of the bulk. The group attributes this effect to the vastly differ-
ent structure of tin clusters compared to the bulk [40]. An effect that is of great interest in
cluster physics concerns the transition from non-metallic to metallic properties. Cui et al. in-
ferred that such a transition occurs for Sn between Sna4i” and Sns, [38]. Tin clusters have also
been analyzed theoretically, especially focusing on small tin cluster ions [41,42]. Further not
discussed aspects like the formation of dimers of stable subunits show the complexity in the
evolution of tin clusters [43].

Gold is another metal that shows a more complex behavior in terms of cluster shape. In the
size range of n<14 it shows planar [44] and double-layered flat configurations [45,46]. For
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n=16-18 hollow cages are observed [47]. Beside others tubular structures, fullerene-like hol-
low cages and fcc-like configurations emerge for larger cluster sizes [45,46,48-51]. Aua
clusters from n=29-35 have also been simulated using density functional theory and found to
show a great number of different structures [52].

1.1.2 UPS as an Example for the Investigation of Free Clusters

There are only a few experimental methods that provide direct information on the cluster geo-
metry. One tool, often used to get information on free clusters, is the so called lon Mobility
Spectrometry (IMS). Gas or vapor molecules are ionized before they are accelerated by an ex-
ternal electric field alongside a drift tube under elevated pressure [53]. Depending on their ef-
fective cross section, the ions gain deviating velocities. This causes different ions to reach the
end of the drift tube at different times, which leads to a spectrum encompassing information
on the ions [54]. Another useful method is Trapped lon Electron Diffraction (TIED). The key
goal is to achieve diffraction patterns from trapped cluster ions. A cluster beam is ionized
in-situ and can thus be stored in a Paul trap [55]. In a next step the clusters are exposed to a
high energy electron beam. This causes the emergence of a diffraction pattern, which is suffi-
cient to provide information on the cluster's structure [56].

Other methods give more indirect information. The mass spectra themselves indicate stable
geometries by dominant peaks (see figure 1.4), but experiments measuring the cluster's elec-
tronic structure can also be used to extract information on their geometric shape, in particular
in combination with calculations. One particular method, which is used in the experiments of
this work, is Photoelectron Spectroscopy. It has demonstrated its usefulness in the investiga-
tion of several kinds of metal clusters [30,31,57,58]. The underlying principle is based on the
photoelectric effect which has been first observed by Hertz [59] and was later correctly de-
scribed by Einstein [60]. UPS allows the investigation of the occupied states of a given
sample. A photon of a specific energy is created, transpasses a certain distance in empty space
and finally comes in contact with the specimen or cluster, which is to be investigated. The ab-
sorption of the photon causes the excitation of one of the specimen's electrons, which can then
reach the surface and leave the compound if it gains enough kinetic energy. The energy in-
crease of the electron is initially equal to that of the photon. However, it has to surpass the
binding energy E; of the material as well as the work function W of the sample so that the fol-
lowing equation applies:

E, =hv—E,~W (1.3)

The value v stands for the frequency of the emitted light, while % is the Planck constant
[61]. Note that the work function W is only relevant for solid bodies with the Fermi energy Er
being the reference. For small molecules the vacuum energy Ej. is the reference so that in
this case W in equation 1.3 is not relevant. Emitted electrons of different energies can be de-
tected by an electrostatic analyzer, which uses their velocity to separate them spatially. The
energy can then be attributed to them depending on their respective position. With known
photonic energy and work function, the only unknown value remaining is the binding energy
E}, which holds information on the electronic structure of the investigated material. Figure 1.5
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illustrates the measurement process, while figure 1.6 provides information on the electronic
effects taking place. The spectrum that results from a measurement of multiple electrons with
different energies is proportional to the combined density of states (JDOS) of initial and final
electronic states [62]. Thus this method allows an experimenter to get a detailed analysis of
the material's properties depending on the photon energy used and resolution of the detector.
Note that electrons are detached by incoming photons not only with energy but also mo-
mentum conservation. Thus the resulting spectrum depends on the relative angle of the elec-
tron to the specimen. If a surface is present, changing the relative angle between sample and
detector can therefore help to get a more complete picture of the electronic structure of a spe-
cific material.
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Figure 1.5: Schematic principle of an UPS measurement. Energies = Figure 1.6: Principle of the
for SXPS and XPS are also depicted [63]. energy transfer in the target
material [63].

UPS (Ultraviolet Photoelectron Spectroscopy) uses photon energies from 10 el-40 eV .
This only allows the detachment of valence electrons, which limits the investigation of the
atomic structure. However, due to the lower energy, it allows a greater resolution than com-
peting methods.

(S)XPS, (Soft) X-ray Photoelectron Spectroscopy, works similarly to UPS with the differ-
ence that higher photon energies ranging from 160 e/-1500 e)” are used so that the photons
can reach deeper into the target material [63].

The existence of a substrate, which interacts only weakly with adsorbed particles, allows a
cluster to keep its properties to a certain degree. Thus Photoelectron Spectroscopy, in particu-
lar UPS, can be used for these kind of sample systems.

Note that higher temperatures cause electrons to gain vibrational energy via electron-phon-
on interaction. This causes the respective spectra to lack structure due to a blurring effect
[64]. Beside other reasons UPS experiments are therefore often conducted under low temper-
ature conditions.
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1.2 Cluster-Surface Interaction

The surface, on which the cluster is landed, normally has a complex morphology, which can
lead to massive alterations of the shape and structure of a former free cluster. It is noteworthy
that energy and shape of clusters on surfaces are strongly interconnected. The inter-atomic
bondings depend on the proximity of cluster atoms to each other and the surface. This determ-
ines the subsequent internal energy of the compound. There exist stable configurations that
are not always automatically adopted due to energy barriers which need to be surpassed. Only
if a sufficient amount of energy is introduced to the system, be it during or after impact or due
to heating, a new and more stable state can be adopted. These interactions are highly complex
so that sophisticated experiments often in combination with computer simulations are needed
to model them correctly. In order to understand these processes theoretically prior to detailed
analyses, energies of both clusters and surfaces will be discussed on short and long time
scales in this section. The energies involved can be separated into impact energy, which works
on small time scales during the initial contact between surface and cluster, and binding en-
ergy, which is also of importance on longer timescales after the impact occurred.

In the following sections terms like temperature and pressure are used. Both work for mac-
roscopic systems and loose their descriptive power in microscopic systems. It is even ques-
tionable if these terms still apply in the case of a cluster [65]. As being described by statistical
processes, both quantities evade a simple description in the scales of a microscopic body.
Thus there is no easy classification of the occurring effects. It gets more complicated if a
macroscopic system like a surface interacts with a small cluster. Then the macroscopic system
is correctly described by a temperature value but must be regarded as a donor of undirected
kinetic energy to the microscopic system. The occurring effects range from melting to a total
destruction of the clusters involved [66—68]. The experimental part of this work will mostly
talk of temperatures if a cluster comes in contact with a macroscopic system.

1.2.1 Cluster Evolution on Surfaces

A typical system consisting of cluster and surface usually starts its evolution with the initial
contact of both. The cluster's previous shape is that of a free cluster. Effects of the initial con-
tact are strongly interconnected with the cluster's speed and size. Normally clusters impact
with an energy in the order of 10 e} on a surface. A silver cluster consisting of 100 atoms
would therefore have a speed of about 4 x10* m/sec. With these non-relativistic speeds inter-
actions between cluster and surface can be described by means of classical momentum and
energy transfer. The influence of the cluster size is a more complicated matter because it in-
volves, for example, the total or relative surface area, which can have a great impact on the
cluster properties. The effects of the cluster's speed, however, are easier to quantify: The lar-
ger the speed, the larger is in consequence the impact energy. The initial cluster evolution nor-
mally happens on small time scales while simultaneously causing the most significant altera-
tions.

In order to model the cluster correctly, the impact energy is not sufficient. After the cluster
comes in contact with the surface, in many cases binding energy is released due to the forma-
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tion of new bonds. The system evolves over a certain period of time, which can lead to many
successive reorganization steps. During this time, it is also in contact with a specific surface
so that an exchange of atoms may take place or an even more complete intermixing occurs.
Multiple clusters on the same surface can interact with each other. Furthermore, kinks, layers
or defects on the surface may have a great influence [69]. Finally, the surface may not consist
of a pure substance but may be mixed purposely or not with foreign materials.

Both impact and binding energy are intertwined because both are part of the same overall
process. While the former has descriptive power in a very short time scale, in most cases only
a few picoseconds directly during deposition, the latter governs the interactions after that. De-
pending on the binding energy and the multitude of conditions mentioned above, processes
like evaporation, diffusion, aggregation and alloying can occur [70]. The timescale of those
ranges from seconds to days.

To understand concrete processes, a qualitative analysis of the energies involved is insuffi-
cient. The energy quantity must be regarded, too. In the case of low impact energies, the
clusters are landed quite softly on the surface. This reduces the effects of rearrangements of
the involved atoms in the cluster. Therefore information of the deposition is somewhat pre-
served. With a low deposition energy and sufficiently large cluster-surface interaction, thin
films will form on a surface as observations show [71,72]. Increasing the deposition energy
causes the formation of high quality adhering films [73—75]. In addition to that shallow im-
plantations can occur. The temperatures and pressures produced by the impact can be varied
by adjusting the kinetic energy of the clusters. Both parameters can be increased to a level
that is unrivaled by many traditional methods [76—79]. If the clusters have a very high kinetic
energy, the interaction between cluster and surface is so strong that incoming particles start to
sputter. In most cases this means that atoms are dissolved from the surface while the clusters
are completely destroyed [80—82]. The energy released from surface collisions may range
from 1072 to 10® eV, thus it can cover 10 orders of magnitude [65].

To gain an understanding of the morphological changes of the cluster during impact, it is
useful to take a closer look at a roughly spherical cluster. When it hits the surface, only very
few atoms at the bottom are stopped abruptly while the rest remains at the initial velocity.
This leads to a deformation of the cluster and, due to the bondings between its atoms, a
shockwave propagates through the whole structure. This process can be understood by a local
increase of potential energy, which is eventually released in form of kinetic energy. An ex-
ample for that is the deposition of Aly on a Cu surface, which leads to a size independent in-
crease in temperature. With sufficient impact energy both surface and cluster melt, while the
enormous increase in temperature and the occurring pressure leads to the formation of a crater
[83]. C. L. Cleveland and U. Landman demonstrated that Arse clusters impacting on a
NaCl(100) surface with a kinetic energy of 1050 e} create temperatures of 3000 K and pres-
sures of 10*atm [78].
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Highly complex interactions can occur when a cluster initially comes in contact with a sur-
face. Thus it is necessary to organize phenomena that are most frequently observed. These are
[65]:

e Soft landing
The particle does not move after impact, its kinetic energy is mostly absorbed by a
buffer layer. There is only elastic deformation so that the structures of cluster and sub-
strate are not altered. More detailed information on the theory can be found in chapter
1.2.2 on page 15. A description of the experimental procedure is presented in chapter
1.5.3 on page 42.

e Ballistic deposition
The particle undergoes a plastic deformation during impact while the surface morpho-
logy is unchanged.

e Fragmentation
The particle accumulates enough energy to not only deform but also decompose. This
means that many internal bonds of the compound are broken while the fragmented
remnants scatter over the surface. Size and position of those fragments strongly de-
pend on impact energy, cluster size and the initial cluster material as well as surface
properties.

e Implantation
If the impact energy is large and the inter-atomic bonds of the particle are strong, the
cluster can be buried below the surface after impact. The cluster stays intact for the
most part without the formation of a crater or a prominent opening in the surface. The
depth of the impact depends for the most part on the initial kinetic energy of the
cluster. If the energy is large enough, the cluster can be completely buried below the
surface.

e Reflection
The particle touches the surface and is back-scattered due to an elastic deformation of
cluster as well as surface. During impact, charge and energy information can be ac-
quired.

e Sputtering
Sputtering is observed when the kinetic energy of a particle is sufficiently large. Dur-
ing impact, the cluster scatters and its atoms as well as surface material are ejected.
The impact energy and momentum of the cluster atoms is unevenly distributed, which
leads to nonlinear collision cascades.

e Crater formation
A particle that consists of more than 100 atoms can create enormous pressures when
the impact energy is large enough. In contrast to implantation, surface material is
forced to move away from the collision center. This results in a built up of material at
the outer regions and a local melting. In consequence a crater is formed around the im-
pacted cluster.

e Radiation damage
The impact energy is large enough to displace cluster and surface material, but it is too
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low to completely anneal the region in question. As a consequence vacancies and in-
terstitials are produced. Even widespread amorphous zones can be created.

To get a grip on the relevant energies involved in any cluster-surface interaction, a classi-
fication of the cohesive energies of both cluster and surface can help. The equation

Ecl
R:ﬁ (107°<R<10%) (1.4)

coh

shows the ratio R between the cohesive cluster energy E°, and the cohesive surface en-

s
coh

ergy E ., in the system. The variation of cluster-surface interactions under different condi-

tions is obvious when the 4 orders of magnitude in the above energy ratio are regarded.
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Figure 1.7: Mechanism diagram of cluster-surface interaction. R on the x-axis is the cluster energy ratio
from equation 1.4 while the y-axis shows a normalized kinetic energy of the cluster (after [65] and [84])

With a low value of R, a deposited cluster can be subject to massive deformations while
the surface remains unchanged. A large value of R causes the opposite effect. The surface is
deformed while the cluster is not. The energy of the incoming particle is dispersed by the sur-
face, which is of great importance for soft landing. Not only the individual cohesive energies

cl—s
coh

of cluster and surface have to be regarded but also the bonding energy FE between their

respective atoms. In the case of soft landing, it is also necessary that the cluster stays intact
<EY,
will not favor a plastic deformation of the cluster [65].
Figure 1.7 shows a mechanism diagram that helps to classify the mentioned effects taking
place during impact. Note that there are several combinations of impact energies and surface
textures that result either in the formation of craters and reflection as well as a plastic deform-
ation of the cluster. The cluster is only preserved under very specific circumstances. A soft
landing process, necessary to retain an unaltered cluster, needs low energies and soft surfaces.

cl—s
coh

long after impact, which is the case if £ is fulfilled. This means that the system
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It has to be mentioned that the direct interaction between cluster and surface, which may re-
lease additional energy, is not included in the diagram. To preserve the cluster shape, the in-
teraction between cluster and surface must be low.

Diffusion of clusters on a certain surface is another effect, which has to be taken into ac-
count. It describes the lateral mobility of a particle, like an atom or cluster, on the surface.
Diffusion energy barriers determine the possibility and degree of said effect. Aggregates lar-
ger than single atoms usually experience a lower diffusion. Flat bodies like two-dimensional
ad-atom islands have been shown to have a certain mobility on different surfaces [85—88].
Three-dimensional clusters can also show diffusion, especially in the presence of a weak
cluster-surface interaction. Note that the cluster is not necessarily deformed or destroyed by
that process. Guerra et al. propose that Sb, and Au, clusters up to 2300 atoms move by rota-
tion over a graphite surface [89]. It is not yet clear to which degree other kinds of clusters be-
have accordingly. However, in many cases coalescence and agglomeration occurs independ-
ent of the intermediate processes [90].

1.2.2 Soft Landing

This topic will be dealt with in more detail because of the importance for most of the experi-
ments described in this work. Keeping the cluster as well as the surface unaltered by depos-
ition is the purpose of soft landing. This is a difficult task because collision induced plastic
deformation as well as implantation or more destructive effects like fragmentation or sputter-
ing have to be avoided. Energies lower than 10 el per cluster are required to reduce the
chance that any of these effects occur.

Leaving the optimal arrangement of the surface aside for the moment, a simple model can
help to clarify the event. If a small metal cluster (about 10 atoms) approaches a metal surface
with 0 eV kinetic energy, the cohesive energy between cluster and surface atoms will become

cl—
coh

important. Depending on the value of E¢ ° (see above), the total energy of the system can

be lowered. Another important aspect is the potential energy due to the initial shape of the
cluster in the gas phase, which is the case before collision, in contrast to the final shape on the
surface. Consequently the difference in energy will be released. Added to those values are the
kinetic energy of the cluster, which is close to 0 eV in this case, and the temperature of the
surface, which has to be regarded as being the individual movements of atom in this order of
magnitude. When the cluster comes in contact with the substrate, the particle will be acceler-
ated towards it. Due to the low mass of a cluster and thus its low inertia compared to the
forces at work, the entire transformation process happens at high speeds. While quantum ef-
fects will dominate as soon as cluster and surface atoms come close to each other, the relevant
time scales are defined by the frequency of their mechanical contact. In a crystal this is best
described by the Debye frequency (see section 3.1.2 on page 117), which leads to time scales
of a few ps for interactions. The transformation of translational energy into internal energy
heats the system up even before structural changes take place. When the cluster is in proper
contact with the surface, the adsorption or binding energy, respectively, is released. Under
conditions optimal for soft landing, the amount of energy is not sufficient to cause the bonds
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of the cluster to break. Else the cluster is reshaped, maybe even from a 3-dimensional body to
a flat one, which will eventually cover part of the surface. An example for this effect is Ags,
which is shaped like a bipyramidal pentagon [91] while becoming a two-dimensional island
on Pd(111) [92].

The behavior, described above, strongly depends on the cluster size. If larger clusters are
regarded, deformation and implantation will happen with a reduced likelihood. This is due to
the fact that a larger amount of atoms per cluster decreases its share of kinetic energy and thus
making a deformation increasingly unlikely. Ignoring the multitude of surface and cluster ma-
terials for the moment, this is the case if the amount of atoms a cluster consists of is larger
than around 100. For the cohesive energy ratio R from equation 1.4 on page 14 R~/ must be
fulfilled. This means that neither cluster nor surface are subject to significant deformations. A
reduced cluster-surface interaction allows a lower amount of atoms per cluster for soft land-
ing [65].

1.2.3 Investigating Clusters on Surfaces

Depending on the sample system, very different investigation methods have to be used in or-
der to adopt to its special requirements. For the most part the magnitude of the cluster-surface
interaction determines the method. While imaging processes like STM need a strong interac-
tion in order not to move or collect clusters, this is not necessary for most types of spectro-
scopy. However, for the latter it is best if the interaction is weak so that the electronic struc-
ture is not altered or masked by the surface. Typically there exists any magnitude of interac-
tion between those two extremes so that each experimental setup has to be adjusted to the
measurement methods available.

This section will describe several methods suitable for the investigation of clusters on sur-
faces. The most frequently used scanning tunneling microscopy (STM) measurement process
will be described as well as scanning tunneling spectroscopy (STS) as spectroscopy method.
Transmission electron microscopy (TEM) is solely presented for comparison. Molecular dy-
namic (MD) simulations have been conducted by groups associated with us and were used in
some investigations so that the basic principle will be described.

1.2.3.1 STM - Scanning Tunneling Microscopy

Quite complex scanning tunneling microscopes are in use today but to describe them in detail
would be far too elaborate at this point. Thus only the basic principle will be explained in this
chapter, which remained unchanged since the beginning.

In classical physics an electric current always needs a conducting medium to transpass a
specific distance. This is, however, not the case in quantum physics. The Schrédinger Equa-
tion allows a finite electrical current between two electrodes, even if an isolator like vacuum
prevents any classical transfer. This is described by so called quantum tunneling [93]:

2 [2M g p)g
Joce ' (1.5)
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The electrical current / exponentially decreases with the distance d, which is equal to the
size of the classical gap for the case that the electron energy E is much smaller than the work
function @ of the respective material. The constants m and ~=2zh are the electron mass and
the Planck constant, respectively [61]. Note that E<<@ must be fulfilled for equation 1.5 in
order to justify certain simplifications. A realistic system is three dimensional while the po-
tentials at works are neither infinite nor simple, as often assumed in simplified models.

The great sensitivity of the tunneling current towards changes in distance together with the
fact that there is no mechanical contact between both electrodes, are very important for a
functioning scanning tunneling microscope. In a practical sense quantum tunneling is used by
replacing one electrode by a tungsten tunneling tip and the other by the sample that is to be
investigated. An electrical current is only possible if both materials are conducting so that
normally metals or at least metal coatings are used for tip and sample. To investigate a partic-
ular surface, not only does it need to have conducting properties but must also be flat on an
atomic level so that a tip can be moved alongside it without collisions. The tip on the other
hand must converge at an atomic level so that only few atoms contribute to the tunneling cur-
rent. However, due to the great distance sensitivity of this method, several atoms can be
nearby the sample while the majority of the current will still flow through the outer most
atom. For a proper measurement, UHV conditions are crucial to prevent unwanted adsorbats,
and low temperatures hinder thermal drift effects [94-96].

To investigate surfaces, the normal mode of operation is the mode of constant current. In
this case the distance between tip and sample is varied by piezo electric elements until the
current has reached a preset value. Aside from electronic effects, the distance d in equation
1.5 is therefore always set to a constant value. By determining the tip's displacement, a relief
of the sample's surface can be measured (see figures 1.8 and 1.9).
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Figure 1.8: Schematic depiction of an STM Figure 1.9: The STM tip keeps a constant

apparatus (see picture credits) distance to the surface (see picture credits)
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Not only geometric structures on the sample's surface can have influence on the measure-
ment but also changes in the electronic properties of the materials. A certain amount of elec-
trons can be detached from either sample or tip, depending on the sum of all electronic states
that can be reached at a specific voltage. Note that not only electrons at a specific energy must
be regarded but also those closer to the Fermi level. A more detailed description can be found
in section 1.2.3.2. The density of states that is the summation of all states in an energy inter-
val, is best described by the band structure of the metal in question. A greater amount of elec-
trons causes an increase of the measured tunneling current so that the feedback control system
changes the distance accordingly. As a consequence changes in the electronic structure can
overlap the height information as illustrated in figure 1.10. Thus an STM image is not a
simple depiction of the sample's surface.

The tip can cause additional problems in certain experiments. Because it must be thought
as being a three dimensional body, not only the outer most part can interact with a structure
on a surface but also the sides. If an object has a height much greater than its width, the lateral
information is nearly completely lost. This is due to the fact that during scanning the tip ap-
proaches the object and atoms at the flank create the tunneling current. The tip is therefore re-
tracted which creates the illusion of a surface structure where actually is none. Thus the tip's
shape is always imaged as well as figure 1.11 demonstrates. Mathematically this phenomenon
can be described as a convolution of surface structure and tip. However, the height informa-
tion of a sufficiently simple object is unchanged despite of possible additional electronic ef-
fects.

Figure 1.10: STM line profiles for ~ Figure 1.11: Schematic depiction of a round cluster (bottom,
several adsorbates [97]. Depending red) measured by an arbitrarily shaped tip (bottom, blue). The
on the electronic structure, the height  cluster is imaged as depicted on the top by the red
information is altered. encompassing line.

A standard STM apparatus is able to work in two more modes of operation. There is the
mode of constant height in which the tip's distance to the sample is kept constant while
changes in tunneling current are measured. An advantage of this method is the ability to move
the tip much more quickly over the surface because a feedback loop can be avoided. There is,
however, an increased risk of collisions. As a third option the STM apparatus can be used for
STS, which is a spectroscopy method. It will be described in more detail in the next section.
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1.2.3.2 STS - Scanning Tunneling Spectroscopy

A special feature of the STM apparatus is its spectroscopy option. The investigated materials
must have some conductivity to enable the process, similar to STM. In most practical applica-
tions metals or semiconductors are used.

In contrast to a standard STM measurement the tunneling current is not kept constant by
adapting the z-position of the tip, but the x-, y- and z-coordinates are set to a fixed value. This
could be right above a cluster on the surface or a prominent structure, which is to be investig-
ated. While the tip is not moving, the tunneling bias is continuously changed in a preset range
in combination with a measurement of the tunneling current. Electrons surpassing the tunnel-
ing barrier are either coming from occupied states or going into unoccupied states of the ma-
terial in question, depending on the direction of the current. With a greater positive voltage
applied to the sample, more electrons from deeper orbitals of the tip are detached and are con-
sequently added to the tunneling current as demonstrated in figure 1.12. In the case of a met-
al, discrete orbitals are replaced by a continuous band structure. Now the measured current
correlates to the amount of all electronic states from which electrons are detachable by the ap-
plied bias. Thus the change in current or mathematically speaking the derivative of the
bias-current function correlates to the density of states at a certain energy.

(a) . (b)
tip sample
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Figure 1.12: Schematic depiction of the sample-tip system for positive and negative voltages. If the tip is
negatively charged (a), electrons from occupied states of the tip are transmitted into unoccupied states of
the sample. The opposite is true if the tip is positively charged and the sample negatively (b). Now the
occupied states of the sample can be investigated [62].

In summary STS can be used to investigate tiny structures on a surface because the tunnel-
ing tip restricts the electrons to overcome the tunneling barrier in a wider area. The fact that
the outer most end of the tip ideally consists of just a single atom, allows the investigation of
structures well below 1 nm?* STS enables in contrast to UPS (see section 1.1.2 on page 9) not
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only the investigation of occupied states but also of unoccupied states due to the fact that pos-
itive and negative voltages are applicable [93].

1.2.3.3 TEM — Transmission Electron Microscopy

A transmission electron microscope can be understood as a device which essentially consists
of electronic lenses. These are used to manipulate electrons for imaging purposes. Electrons
can contain information on the surface structure if they transpass it. They can be measured us-
ing a sufficient detector before evaluating the data using special computer systems. An ad-
vantage to optical microscopy is the dependence of an electron's wavelength on its velocity.
Thus electrons with a high kinetic energy are able to resolve smaller structures than photons
in the visible spectrum. Thus much better resolutions can be obtained compared to optical mi-
croscopy. However, lens aberrations set a limit to the achievable resolution. With sufficiently
high electron energies, structures in the order of 0.05 nm can be imaged. The device is, how-
ever, only able to operate under vacuum conditions for which several pumping stages are ne-
cessary.

Because electrons easily interact with matter, only thin specimen of 10 nm-100 nm thick-
ness can be imaged properly. The thickness can be increased if the atomic number of the
atoms, which the sample consists of, is low. Another important factor concerning the possible
thickness is the electron energy. It normally ranges from 80 kel-400 kel while a smaller
value requires a thinner specimen. However, when a lower resolution is acceptable, the thick-
ness of the specimen in question can be increased.

TEM is mentioned in this chapter despite not being used in the experiments. It poses, how-
ever, a competition to STM in its capability to image objects. It has been used quite success-
fully in depicting surface structures and even clusters on an atomic level [98,99].

1.2.3.4 Molecular Dynamic Simulation

A key tool for cluster physics is the computer simulation of the cluster's behavior on an atom-
ic level. This is due to the fact that the underlying questions do not stem from unknown phys-
ical behaviors of the particles but from their complex interaction. While experimental results
are still necessary to confirm and improve computed results, much of the data can nowadays
be gathered by using powerful computers. Of course there are still some effects, particularly
on long time scales, that cannot be simulated in a reasonable time frame. For a simulation to
be accurate, time steps smaller than 10 fs are necessary. Because each step is in itself a com-
plex computation, time frames up to several ns can be considered being the limit for this type
of simulation. However, even in experiments with longer time scales, so called molecular dy-
namic simulation can help to model the initial state or intermediate arrangements.

Molecular dynamic simulation can be understood as a simulation method that is mainly
initialized with an arrangement of atoms and their overall temperature. The latter can be de-
scribed as an initial random momentum of the atoms. Further aspects like initial kinetic en-
ergy can also be involved. Due to the complexity of the system, certain models are used to
simplify the computation, especially of the potentials involved. Thus the choice of fitting
models strongly depends on the experimental outcome of cluster-surface collisions. The more
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detailed the information gets the more accurate the simulations will be. In MD simulations,
the relevant spatial order of magnitude is around a few nm, which leads to additional complic-
ations. Because temperature often plays a major role in such systems, all experimental as well
as simulated outcomes must be regarded as not being representative on their own. Every in-
teraction can only be described statistically. Only a sufficiently large number of particles with
the same initial conditions provide enough information to be able to include statistical effects
and reveal underlying physical principles. This is automatically the case in most experiments,
which normally deal with a large number of particles. A simulation, however, has to run the
same computation once for each particle. Thus statistics are always limited if the simulation
should finish in a reasonable time [65,100].

A more specialized version of a computer simulation is density functional theory (DFT). It
encompasses quantum mechanical models to solve the many body problem raised by solid
state physics. Mathematically functionals of the local electron density are used as input para-
meters, hence the name of the method. This avoids solving the entire Schrodinger equation
for the many body system, which would be an impossible task for systems surpassing even a
small number of electrons [101]. The exact approach and numerous details will not be de-
scribed at this point for neither MD nor DFT simulations are emphases of this work but serve
as complementary tools. They were performed by the cooperation partners 7. Jédrvi and M.
Moseler in Freiburg.

1.3 Materials

In an experimental setup the arrangement of used materials has a great influence on their in-
teraction and thus behavior. Cluster as well as surface materials can be chosen from almost
any atom in solid state, which includes gases at low temperatures. Obviously the complexity
of any interaction increases with the number of electrons involved in a bonding so that larger,
especially metallic atoms, tend to form more complex compounds. Noble gases, for example,
lack electrons contributing to inter-atomic bondings and thus display a comparably simple
van-der-Waals interaction [102—104]. Another aspect determining the arrangement of atoms
is their size. This is important if different kinds of materials are in direct contact with each
other. Geometrically or energetically a simple, highly ordered lattice structure may be im-
possible. This and further geometric effects cause the emergence of reconstruction patterns
[105-107].

For both clusters and surfaces, the aspects mentioned above are essential. However, for a
more detailed discussion, it is useful to describe them separately because they have quite dif-
ferent requirements in an experimental sense.

1.3.1 Cluster Materials

The choice of a cluster material has a strong influence on its behavior. The cluster size does
not only depend on the amount of atoms it consists of but also on the atom's radius and bond
length. The cluster mass, which influences the velocity and momentum it gets during acceler-
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ation, is determined by the atomic mass of the chosen material. Most important, however, are
the material's electronic properties, which have a great influence on many aspects of the res-
ulting cluster. They determine shape, size, melting point and various interactions with a given
surface.

Most commonly used for cluster materials are metals of a single element because they are
easy to handle experimentally, form greater compounds voluntarily and deliver a comprehens-
ible electronic structure. The latter is characterized by a non-metallic distribution of electrons
in the atomic shell structure for smaller clusters and a partly or fully formed band structure
for larger ones. This phenomenon is of special interest because it delivers information on the
very basic question about the evolution of metallic properties. It is possible to create alloys of
several clusters and investigate their properties. This is, however, often avoided if experi-
ments aim at basic research because the larger complexity of new compounds is difficult to
handle in theoretical approaches like simulations. In addition to that very basic phenomena,
that are to be investigated, may be superimposed by side effects.

It is also possible to use quite exotic materials for clusters. Not only metals but about all
nonmetals can be used to form a cluster. Noble gases have been mentioned before [22,108—
110]. Carbon atoms form special clusters that are called fullerenes (see section 1.3.2.3 on
page 26). Even two atomic gases like oxygen can become clusters [111]. Small metalloid
atoms like Boron have also been used [112]. Furthermore the great variety of chemical com-
pounds can also form clusters. This blurs, however, the boundary between cluster physics and
chemistry. In addition to that inter-atomic interactions become increasingly complex and thus
more difficult to understand or even simulate. Thus these materials are more often used for
technical purposes than for theoretical ones. In this work, however, very basic cluster proper-
ties are to be investigated which demand the simple atomic structures found in metals.

1.3.1.1 Copper

Copper is commonly used as a cluster material in the laboratory but was only recently intro-
duced to our experiments. It is a reddish-orange transitional metal with an atomic number of
29 and an atomic mass of 63.55 amu [113]. In contact with oxygen it can form a great vari-
ation of oxides [114]. However, when in air, it normally forms a layer of brown-black copper
oxide, which gives the metal its commonly known color. The oxidized layer isolates lower
layers from contact with air so that they remain in their pure unaltered form. Both aspects are
important in an experimental sense. On the one hand the high reactivity of copper is a well
known obstacle in any cluster experiment. Sufficient UHV conditions are mandatory to pre-
vent oxidation or reaction with other foreign materials. An image of a copper target can be
found in figure 1.24 on page 36.

Due to the fact that both copper and silver count as noble metals, the electronic properties
of copper will be described exemplary. This can be done because both metals are quite similar
in their electronic structure. They have a single valence electron in the s-shell, which mainly
contributes to the electronic properties. Note that this allows the emergence of electronically
magic number. This marks a similarity to the previously mentioned sodium. As transitional
metals, copper and silver posses electrons in d-states, which are usually difficult to describe
because they have partly localized and partly itinerant character. However, both have a fully
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filled d-shell, which makes them easier to handle theoretically than other transitional metals.
This causes them to be useful for UPS, which is the most commonly used experimental meth-
od to gather information on the electronic properties of clusters in this work. Until today pho-
toemission spectra of copper and copper compounds have been measured multiple times. In
[115—117] a selection of several examples can be found.
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Figure 1.13: UPS spectra of negatively charged  Figure 1.14: 4s (open triangles) and 3d (open
Cu, clusters [118]. 4s and 3d band energies are  dots) band energies as a function of the inverse
marked as small dots. cluster radius 1/R [118].

O. Cheshnovsky et al. provided quite detailed information on the evolution of the electron-
ic properties of size selected copper clusters [118]. They argued that the first small peak be-
low the vacuum level in the photoemission spectrum of copper (see figure 1.13) can be attrib-
uted to the 4s state and the most prominent peak to the onset of 3d states. However, these on-
sets move away from the vacuum level with increasing cluster size and approach the Fermi
level for n—o0 as illustrated in figure 1.14 (cf. the dynamic final state effect in section 4.1.4
on page 143). Note that the 4s states can be attributed to delocalized valence electrons, which
are very sensitive to changes in cluster shape and surface area. Thus the corresponding peaks
do not move away smoothly from the Fermi level but show intermediate deviations. The 3d
onset on the other hand delivers a monotone evolution. This is caused by the more core-like
nature of the corresponding electrons so that they are only slightly influenced by the cluster
geometry. There is also a sharpening of the 3d peak, which can be attributed to an increased
density of states also observed in bulk copper [118,119].

1.3.1.2 Silver

Silver is the most commonly used cluster metal in the following experiments. It is a lustrous
white transitional metal with an atomic number of 47 and an average atomic weight of
107.87 amu. An image of a silver target used in our experiments is shown in figure 1.24 on
page 36. The mass of a single atom in a typical cluster is not easy to determine because natur-
al silver comes in the form of two stable isotopes, '”’Ag and 'Ag, which are nearly identical
in occurrence ('Ag: 51,8 %) [113,120]. When silver is used as a target material in an experi-
ment, both isotopes are normally mixed together so that the atoms in a resulting cluster have
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two different masses in equal parts. This is, however, unproblematic because isotopes do not
have any significant influence on the atom's electronic properties. In addition to that the
cluster mass, at least for bigger clusters, can be estimated from the abundance of both iso-
topes. An advantage for experimenters is silver's low tendency to form oxides in air or to re-
act with rest gases in vacuum chambers.

1.3.2 Surface Materials

In contrast to cluster materials, surface materials are not the main focus of interest. Their
properties are only interesting in combination with the cluster that they have contact with. De-
pending on the surface material, numerous changes to the cluster can occur as mentioned be-
fore in section 1.2 on page 11. Aside from interactions, a surface must serve as a layer for
clusters, which means that it has to be uniform and void of defects. This restricts the amount
of possible surface materials. Only substances that come with well known preparation meth-
ods are usable. For once metals can be easily flattened and it is possible to fashion them into
almost any shape. Some metals show low vapor pressures so that they are quite suited for va-
cuum conditions [121], and many can be heated to high temperatures, which increases options
for preparation. In addition to that a theoretical approach towards understanding an interac-
tion is simplified if both cluster and surface consist of the same material.

For some purposes other surface materials are preferred. While metals can still serve as an
underlayment, the actual surface may be exchanged by a nonmetal. This is due to the fact that
interactions between metals are normally so strong that the initial shape of a cluster is lost
after coming in contact with the surface. Therefore buffer layers like Ceo are used. In other
cases, like UPS, the electronic structures of cluster and surface are too similar to distinguish
them from each other. Then materials with a less prominent electronic structure like graphite
are used.

1.3.2.1 Gold

Gold is a transitional metal with an atomic number of 79 and an atomic mass of 196.97 amu
[113], which results in a high density compared to other metals. It has only one naturally oc-
curring isotope so that a potential gold surface consists of only one kind of atom. An advant-
ageous property of gold is its ductility, which is greater than that of any other metal. This
helps to fashion thin and smooth surfaces for samples. The crystalline structure of gold is face
cubic centered (fcc). A cut alongside the plane of the Miller indices (111) results in an
Au(111) surface [122]. Figure 1.15 illustrates the concrete structure of Au(111).
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Figure 1.15: On the left is an STM image of a (23+1)xy 3 reconstructed Au(111) surface. This type of
surface arrangement is also known as herringbone reconstruction because the ridges, visible as white lines,
resemble a herringbone pattern [123]. On the right a schematic of Au(111) is shown. Empty circles
illustrate Au atoms of the reconstructed top layer, while crosses represent Au atoms of the layer below; the
capital letter C shows where a hcp structure can be observed while the capital letter A indicates a region
with fcc structure [124,125].

In most experiments this epitaxial Au(111) is used for surfaces. It is created by evaporating
gold onto a mica underlayment. Under fitting environmental conditions, a uniform oriented
lattice emerges [126]. It is smooth and for the most part defect free on an atomic level.
Au(111) shows a (23+1) x4 3 reconstruction in its crystalline structure on its surface [125],
which is unique for a metal with an fcc structure [127]. This is due to missing bonding part-
ners at the top layer. Consequently it is not energetically favorable for Au(111) to keep the lat-
tice structure but to rearrange the top most atoms. Now the regular ABC stacking order of a
fcc structure is frequently interrupted by an ABA stacking order (hcp structure).

1.3.2.2 HOPG (Highly Ordered Pyrolytic Graphite)

While graphite is the most common modification of carbon in nature, HOPG is a rare excep-
tion due to its highly ordered structure and smooth surface. It is composed of layers, which
are bound in between by covalent bondings resulting from a sp* hybridization. Such a layer
shows a hcp lattice structure with an ABAB stacking order. The layers themselves are, how-
ever, only bound by van-der-Waals interaction to each other, which are much weaker than the
covalent bondings. A direct comparison of the binding energies clarifies this effect. The cova-
lent bondings within a layer have a binding energy of 3.4 e} while the layers themselves are
only bound with 0.07 eV. Thus stable single layers emerge, which are easily removed from
each other. In addition to that the covalent bondings are with 0.142 nm shorter than the dis-
tance between the layers, which is 0.335 nm [128] (see figures 1.16 and 1.17).

The trigonal orientation of the orbitals of a carbon atom prevents not only the formation of
carbon rings but also leaves one of four valence electrons unpaired. Each carbon atom can
now contribute one free, so called m-electron, to a band of delocalized electrons. As a con-
sequence HOPG is an anisotropic conductor: Its in-plane resistivity resembles with
p=9.6x10"°Om that of a metal. This connection to metallic behavior is also reflected by a
very metal-like temperature dependence of the conductivity. The resistivity between the lay-
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ers is due to a lack of any effective electron transportation mechanism with p=4.1x10"°Qm
significantly higher [129-132].

Figure 1.16: Layers of HOPG shown in pseudo  Figure 1.17: Layers of HOPG shown in pseudo

3D. (see picture credits) 3D and top view. Atoms marked red have a
greater distance to atoms in neighboring layers.
(see picture credits)

Thus HOPG can be used for STM experiments, which need an electrical conducting sur-
face. At the same time the non-metallic nature of graphite and the low tendency to form bonds
between the layer, ensures a weak interaction between HOPG and any particle on its surface.

1.3.2.3 Ceo and other Fullerenes

Fullerenes are special kinds of molecules, which are completely composed of carbon atoms.
They qualify as so called network clusters [32]. They are beside graphite and diamond one of
the three most prominent carbon modifications. The existence of fullerenes is predicted since
1970, when E. Osawa showed that they could theoretically be formed [133]. Until 1985 they
remained a theoretical possibility, which changed when R.E. Smalley et al. and H.W. Kroto
proved their existence experimentally [134]. They can be characterized by their special shape,
which always consists of a carbon shell with a hollow interior. This includes closed objects
like spheres or ellipsoids as well as tubes, which have two open ends. The hollowed out shape
causes them to occupy a greater volume than the individual sizes of the carbon atoms, they
consist of, would suggest. The lattice structure has to be ordered in such a way that the atoms,
they consist of, can be distributed uniformly. There is no theoretical limit for the size of a
fullerene. However, smaller ones are more stable than their larger counterparts.

Ceo 1s a spherical, cage like fullerene, which consists of 60 carbon atoms [28] and has a
diameter of about 1 nm. It can be constructed out of 20 hexagons and 12 pentagons, which are
characterized by a carbon atom at each of their edges. However, 2 pentagons never come in
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contact with each other, which is known as the isolated pentagon rule (IPR). The Cs mo-
lecule is the smallest IPR fullerene. The size as well as the high symmetry contributes to its
stability, which is the highest amongst fullerenes. First observations of Ce in a solid state
were made by Krdtschmer et al. in 1990 [135].

As figures 1.18 and 1.19 illustrate, each carbon atom is in direct contact with 3 neighbors
due to covalent bondings. This is similar to HOPG, which is just like Ce sp® hybridized. In
direct analogy each carbon atom of Ce contributes a free and delocalized m-electron to the
molecule. As a consequence this fullerene shows surprisingly high electrical conductivity.

Figure 1.18: schematic depiction of a Cq  Figure 1.19: Depiction of three possible

molecule. Each pentagon of the surface is  orientation of Cg-fullerenes on an arbitrary

surrounded by 5 hexagons [28]. surface in top view. The highlighted parts can be
revealed in STM measurements due to their
deviating electronic behaviors [136].

Ceo 1s particularly beneficial when used as a buffer layer. Because most materials used as
an underlayment, such as Au(111) or HOPG, are either detrimental to the integrity of a cluster
or do not adhere it to the surface. Both materials are comparably easy to prepare so that they
can be used as an underlayment for Ceo. With an approximate distance of 1 nm from the sur-
face, due to the size of the molecule, each interaction with the surface is weakened. With ad-
ditional Ceo layers the distance is increased and thus the interaction further reduced. An im-
portant property of Ceo 1s its ability to keep clusters in place when STM measurements are
conducted. Furthermore fullerenes do not display a strong interaction between each other so
that incoming particles can locally and temporarily shift the fullerenes and thus loose their
kinetic energy without being deformed. This phenomenon is used in the soft landing proced-
ure and will be discussed in chapter 1.5.3 on page 42.

Ceo on HOPG or Au(111), the most commonly used surface materials in the experiments,
has been shown to shift its orientation spontaneously. The fullerenes rotate independently
from each other but the magnitude correlates to the temperature they are exposed to. How-
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ever, at 77 K, which is the most common experimental condition, this effect is negligible.
Note that in some cases higher temperatures were involved so that this effect may non the less
be of importance.

1.4 Surface Science Facility

Each experimental setup depends on the devices used and their composition as well as the
available time frame. The entirety of all machines and components will be summarized as
Surface Science Facility. This encompasses the Cluster Machine and a surface science appar-
atus provided by the Omicron Nanotechnology GmbH [137] composed of Preparation as well
as the Analysis Chamber and facilitating devices like pumps and pressure gauges. Construc-
tion and related experiments were conducted within the context of the project SPP 1153 of the
Deutsche Forschungsgemeinschaft. An overview of the relevant devices will be given in the
following chapters, focusing on the parts that have been used most extensively while only
briefly covering the rest.

1.4.1 Preparation and Analysis Chamber

The Preparation Chamber of the Surface Science Facility can be understood as its center
piece. It is connected to every other chamber as well as the Cluster Machine and enables the
manipulation of sample systems. UHV conditions are ensured by three pumping stages. In a
first step a pressure of about 10~ mbar is generated with a Rotary Vane Pump, which trans-
ports large amounts of gas by using fast rotating vanes. The resulting pressure is low enough
for a Turbomolecular Pump to work. It increases the outwards oriented momentum of gas
particles by using an array of rotating metallic lamellas. Statistically the particles are then
more likely to leave the chamber than to return to it. Together both pumps can lead to pres-
sures as low as 10°® mbar. Adsorbates inside the chamber, primarily water, prevent a further
decrease in pressure. Thus Preparation Chamber as well as Analysis Chamber are heated to
150°C from time to time using a baking tent. As a consequence a final pressure as low as
10" mbar can be archived. In most cases, however, the pressure is stable around
5x107'" mbar. After baking, the Turbomolecular Pumps can be separated from the main
chamber by valves so that shutting them down, which is necessary to prevent vibrations dur-
ing STM experiments, does not affect the pressures inside the Preparation Chamber. After
that an fon Pump, which is located underneath the Preparation Chamber, preserves vacuum
conditions. It uses a high voltage to ionize stray atoms and molecules, which are then incor-
porated in titanium plates and thus removed from the vacuum chamber. In addition to that a
Titanium Sublimation Pump supports this effort by frequently evaporating titanium into the
chamber and thus absorbing foreign material. All pumps are described in more detail in [138].
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Figure 1.20: Top view of the Preparation Chamber (red) with connected Analysis Chamber (green) and
associated parts (gray). The Cluster Machine is a separate device and is connected to the Preparation
Chamber by a single flange and valve.

A newly prepared sample can be inserted into the chamber via a load lock, which can be
isolated from it by a valve. This enables the opening and closing of the lock without endan-
gering the vacuum conditions of the Preparation Chamber. A magnetic transfer rod (see figure
1.20) enables the experimenter to hold the sample and place it inside the Preparation Cham-
ber. There it is transferred to the main manipulator, which is arranged alongside the chamber's
main axis. It is a vital piece of equipment because it can move the sample back and forth as
well as tilting it to different angles by rotating the manipulator. This enables the use of several
devices like evaporators or the Cluster Machine by placing the sample in front of them. A
transfer of the sample into the Analysis Chamber is also possible. Another features of the ma-
nipulator is its ability to heat a sample up to at least 600°C while checking the temperature
with the help of an inbuilt thermocouple. It can also be cooled with liquid gases. By using li-
quid helium, temperatures as low as 10 K can be achieved while an inbuilt heater allows a
continuous temperature variation. For the measurement of low temperatures a silicon diode is
used instead of the thermocouple due to its higher accuracy.

Noble gases like helium, argon and neon can be inserted into the Preparation Chamber for
different purposes. Argon is necessary to supply a sputter gun. Argon and neon can be ad-
sorbed onto samples when its temperature is low enough. It has to be noted that even the gas
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lines are usually baked out before they are used. However, tiny amounts of foreign gas can
enter the chamber non the less and therefore affect the vacuum condition negatively.

The sputter gun is used to ionize and accelerate argon atoms towards a sample. The ions
impact with high kinetic energy and successively remove the top most layers of surface ma-
terial.

An inbuilt Ce evaporator [139] allows the creation of Ce buffer layers on different sample
systems. The amount of material can be precisely adjusted so that coverages between less
than 1 to more than 3 monolayers can easily be achieved. Another evaporator enables the de-
position of several metals onto a sample. The desired substance must be inserted into a cru-
cible while the chamber is not under vacuum conditions. So changing the metal requires a
greater effort. In most cases lead and more recently silver have been used as evaporation ma-
terial.

The Analysis Chamber is connected to the Preparation Chamber and separated from it by a
valve. It encompasses the entire STM apparatus and several sample holders. The chamber is
void of any mechanical pump but Ion Pump and Titanium Sublimation Pump are present. It is
less exposed to undesirable vacuum conditions because there is neither a connection to a lock
or the cluster machine nor does any contamination due to inserted gas occur. This enables an
enduring pressure around 5x10"" mbar. Thus samples can be stored effectively for a long
time without the risk of severe contamination. Note that a sample inside the STM apparatus is
subjected to a much lower pressure due to the small volume of its interior and the surrounding
cryostat, which adsorb foreign material when cooled with liquid gas.

1.4.2 Cluster Machine

The main part of the Cluster Machine is composed of three chambers. The first is the Cluster
Source, which contains the target that delivers clusters of multiple sizes by gas aggregation.
The second, the Cryo Chamber, provides a low temperature environment in order to adsorb
argon gas and foreign materials. The third chamber is the Mass Selector, which enables the
experimenter to isolate a desired cluster mass. Each chamber is put under high vacuum condi-
tions of at least 10" mbar by using two essential pumping stages. A Rotary Vane Pump in
combination with a Turbomolecular Pump is attached to each chamber so that the final vacu-
um conditions can be achieved. A basic depiction of the Cluster Machine and its interior can
be found in figure 1.21.
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Figure 1.21: Cluster machine as seen from outside (top) and schematic depiction of the interior (bottom).
Clusters are produced in the Cluster Source (a), transpass the Cryo Chamber (b) and reach the Mass
Selector (c). The connected Preparation Chamber (d) is also depicted.

1.4.2.1 Cluster Source

The first chamber contains the target, which provides the cluster material. It is placed in a
special holder where it can be externally cooled and adjusted by moving the holder back and
forth, a slight tilting is also possible. In addition to that there are conductions in order to ex-
ternally provide gas to the target. The clusters are produced by a Magnetron Sputter Gas Ag-
gregation Source [140], which essentially ionizes the target material by using argon and heli-
um gas from the conductions. To create the necessary plasma, a high voltage of 1200 V/
provides an electric field. In combination with a magnetic field stemming from a permanent
magnet, the electrons in the plasma are forced in cycloid tracks while the ionized gas atoms
consequently sputter the target and produce the typical ring on its surface visible in figure
1.24 on page 36. Subsequent collisions with the gas atoms reduce the velocity of single target
atoms sufficiently for them to coalesce as illustrated in figure 1.22.
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Figure 1.22: Schematic depiction of the cluster formation in the Cluster Source. Electrons near the
cathode ionize argon atoms and are forced in cycloid paths. Single atoms leave the immediate proximity of
the target and get into the main body of the Cluster Source. There they coalesce to clusters by interacting
with helium and argon atoms (pink arrows in the center). Subsequently they leave the chamber in a
multitude of sizes (orange arrows on the left).

An external cooling of the target using liquid nitrogen facilitates the cluster condensation
while simultaneously improving the heat transport away from the target, which prevents it
from overheating. Varying the distance of the target from the closest electrodes influences the
distribution of cluster sizes. This is a commonly used method to preselect clusters. Electric
fields, produced by several electrodes, accelerate and guide the charged clusters through the
first chamber into the second one.

1.4.2.2 Cryo Chamber

In the second chamber, the Cryo Chamber, remaining argon gas and other unwanted atoms or
molecules are removed by a Turbomolecular Pump. In addition to that argon atoms frequently
have direct contact with a component of the chamber that is cooled to about 10 K using a cryo
pump [141]. This causes the atoms to adsorb at the mentioned component so that they are re-
moved from the vacuum. After the experiment, the cooling is switched off and the entire ma-
terial is desorbed again.

The clusters are focused and aligned in the desired direction using multiple electrodes.
Their voltages can be individually varied from 0 V' to -1500 V. Clusters are then guided
through the chamber into the next one.
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1.4.2.3 Mass Selector

The third chamber contains a Time of Flight Mass Selector [142]. Here UHV conditions are
present (10°° mbar) due to a separate baking of the chamber, which normally takes place a
few days before the deposition starts. The clusters are assumed to carry just one elementary
charge, because no fractional cluster masses are observed at least for small clusters. By apply-
ing a short electric pulse to them, clusters of several sizes are accelerated differently due to
their deviating mass-to-charge ratio. Another pulse decelerates the clusters after they moved
unhindered in vacuum for a short period of time. Now all clusters are separated spatially due
to their previously deviating velocities. Because the clusters retain their lateral kinetic energy
during the entire process, those at the correct position or with the chosen mass, respectively,
move out of the main Cluster Machine into the attached Preparation Chamber. The exact tim-
ing and pulse length determine the resulting cluster mass. Following this basic concept,
voltages and pulse frequency are chosen in a way that optimizes resolution and throughput. A
more detailed description of the process can be found in [123,142]. Figure 1.23 shows the in-
terior of the Mass Selector and illustrates the basic mass selecting process.

acceleration
electrodes

sensing
electrode

chaneltron deceleration electrodes

Figure 1.23: Schematic depiction of the interior of the Mass Selector. Incoming clusters (right), displaying
a wide variety of sizes, are accelerated differently by an electric pulse due to their deviating mass -to-
charge ratio (upper red arrow). After drifting through vacuum for a preset time, the clusters are decelerated
with an opposing pulse (lower blue arrows). In a last step only clusters of a specific mass are correctly
positioned to leave the chamber [143].

In this chamber is also a part called Faraday Cup 1 (FC1). It is temporarily used for adjust-
ing the Cluster Machine. A second Faraday cup, called Faraday Cup 2 (FC2), is of much
greater importance and its function will be discussed in following sections.
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1.4.3 Software

The Surface Science Facility as well as the Cluster Machine come with essential programs,
which are necessary to operate them. The following descriptions aim at giving an overview of
features and problems that the software entails.

The STM is controlled and its data is gathered by a software called Scala SPM SO 2.2
provided by the Omicron Nanotechnology GmbH. The software runs on a specialized Unix
based system. The most important features used here are an automatic approach mechanism
for the STM tip, its scanning functionality and basic evaluation tools for quick analyses.

The Cluster Machine is controlled by two separate Labview scripts [144]. The first script
initializes the pulse voltages of the mass selector as well as the waiting time interval ¢,. The
second one is more extensive in its ability to set necessary parameters like initial cluster mass,
mass steps and final cluster mass. It is also able to set the bias of the second Faraday Cup
(FC2, see section 1.5.1 on page 35) in order to control the amount of incoming clusters.

During the course of this thesis, several additional pieces of software have been developed
in order to increase the functionality of the Surface Science Facility. This part only provides a
rough overview of the software in use.

Many programs have been coded using Perl as a script language [145]. They focus on
solving localized problems, which are either too time intensive for a manual approach or are
needed for a lack of alternatives.

1. Cluster Evaluation Software (CES): This Perl script uses gtk2 [146] as a graphical
user interface to visualize STM images for further evaluation. Using this software, it is
possible to select a cluster by a mouse click. An automatic calculation of relative as
well as absolute height, position and width of the cluster is conducted. Several other
more specialized options are available. They will be mentioned in the appropriate sec-
tion if necessary. The gathered information can then be exported to a text file in ASCII
format.

2. CSA Mass Spectrum Analyzer (CMSA): This is a Perl script that helps to identify
peaks in a mass spectrum provided by the Cluster Machine. An example of an ana-
lyzed mass spectrum can be found in figure 1.28 on page 38. The software identifies
the highest peaks with the preset estimated distance (e.g. the atomic mass of Ag is
107.87 amu). Peak index and position are plotted and can be checked for errors (for
example missing peaks). In addition to that the average peak distance together with its
offset is calculated. One resulting graph is presented in figure 1.28 on page 38. A text
file in ASCII format is created.

3. STS Evaluation Software (SES): This is a Perl script for processing raw data. Prepara-
tion and comparison of STS data requires several evaluation steps. The software iden-
tifies spectra of the same image that belong to each other and averages them. In addi-
tion to that similar spectra are sorted and arranged for a clear depiction. The tool
works automatically but a visual inspection of the data is still necessary. An ASCII
text file is created.
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4. UPS Evaluation Software (UES): This Perl script is similar to the S7S' Evaluation
Software. 1t is, however, adapted to raw UPS data, which are normalized and bundled
for further evaluation. The software generates a text file in ASCII format, which con-
tains all necessary information. A more advanced version has recently been coded by
D. Engemann and is described in more detail in section 4.1.2 on page 135.

5. Labview Script for Voltage- Current Curves: This script is coded in Labview and
works in combination with the Cluster Machine. It enables the user to automatically
identify the respective cluster current belonging to a specific bias. The detailed use
and results can be seen in chapter 1.5.3 on page 42.

There are two other Perl scripts, which are not mentioned here because they are described
in detail in the respective chapters. The first one is a simulation of the limited resolution of
the Cluster Machine and the respective cluster sizes. The application of this script can be
found in section 2.2.3 on page 85. The other script provides an alternative evaluation method
for histograms and can be found in section 2.2.2 on page 82.

1.5 Experimental Procedure

This section deals with devices used to perform the experiments. These included a wide range
of machines and tools. Only the most important ones will be mentioned. Furthermore prepara-
tions that were necessary to conduct the experiments will be part of the following chapters.
Working parameters of the machines like pressures and temperatures displayed by measur-
ing devices were cross checked or calibrated by additional experiments, which could stand on
their own or were part of another setup. In addition to that newly introduced devices had to be
adjusted and their working parameters identified before any experiment could take place.

1.5.1 Preparation of the Cluster Machine

It is essential that the Cluster Machine is free of evaporated and subsequently adsorbed metal
from a preceding target before the device can be used again. While only little target material
reaches the sample, most of it will remain inside the Cluster Source. Thus a visible metal lay-
er is created on all parts that are close to the target or near the most intense, initial cluster
beam. This can cause several negative side effects. Even a thin metal layer on isolating parts
can cause short circuits. With a longer run-time of the machine, the layer thickens and thus its
conductivity increases.

Additionally the target has a limited lifetime. This is due to the significant amount of ma-
terial that is sputtered off as long as the machine is running. Subsequently a ring of lacking
metal is present in the target as visible in figures 1.24 and 1.25. After sputtering the target for
a sufficiently long time, the inner part might be carved out so that it will drop out of its hold-
er. In this case the machine would not work any more and the chamber had to be opened. An-
other effect of an aging target and the subsequent contamination of the chamber is its increas-
ing inability to produce smaller clusters in a usable manner.
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Figure 1.24: American Eagle Dollar used as  Figure 1.25: Schematic depiction of a copper
silver target; diameter 40.7 mm (a) (see picture  target during sputtering [90]. The typical eroded
credits). Copper target with a diameter of 40.7 mm  trench is also visible in figure 1.24 (c,d).

(b). The silver (c) and copper (d) targets are

depicted after sputtering them for several hours.

Most of the parts in question are removable so that a cleaning can take place outside the
chamber. With the help of fine sandpaper and similar techniques the unwanted material can be
removed before putting the cleaned parts back into the chamber. Therefore a cleaning proced-
ure is necessary as soon as the target approaches the end of its lifetime.

Before any deposition can take place, the Cluster Machine has to be adjusted. In section
1.4.2 on page 30 it is shown that the device can be regarded as an array of electrodes, which
form electronic lenses. While clusters are created by the Magnetron Sputter Source, the
particles have to reach the mass selector and after that the sample. Unfortunately each time
the Cluster Source has been opened, new settings are necessary to guide the cluster beam suc-
cessfully through the machine.

To achieve this goal an analogue picoamperemeter is used to detect currents at different
electrodes as soon as the source is switched on. The adjusting normally starts at electrodes in
closest proximity to the source because the current is usually most intense in this area. It is
therefore possible to easily detect the charges reaching the particular electrode, which enables
the experimenter to maximize the current by changing the applied voltage of all previous
electrodes. This procedure can be repeated until the Mass Selector is reached. For the last sec-
tion between mass selector and sample the Faraday Cup 2 (FC2) inside the Preparation Cham-
ber is used to detect a usually minute cluster current of only a few picoampere. Unfortunately
the Faraday cup has to be moved frequently during experiments in order to not collide with
the manipulator. Therefore it has to be newly adjusted before each deposition is due. For that
the light of an intense light source is used, which passes though a window collinear with the
cluster ion beam. The resulting light spot allows the positioning of the Faraday cup.
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After maximizing the cluster current by varying the voltages of the electrodes, the desired
cluster sizes can be identified. A computer, which is connected to detection and controller
devices, enables the manipulation and analysis of the cluster current. A more detailed descrip-
tion of the software can be found in section 1.4.3 on page 34. In short the computer is used to
set the pulse frequency of the mass selector, which directly translates into a cluster mass as
long as the atomic mass of the target material is known. Meanwhile the cluster current is de-
tected and can be displayed as a function of the cluster mass. This leads to a graph, which
shows individual cluster sizes as peaks.
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Figure 1.26: Cluster sizes as peaks in the cluster
current intensity during continuously reducing the
mass selector's frequency and thus increasing the
selected cluster mass. The resolution of the
Cluster Machine is proportional to the cluster
mass so that peaks start to merge at one point and
seize to be identifiable [123].
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Figure 1.27: Cluster sizes measured over a wide
range. Single peaks are no more visible due the
given resolution. Now a calibration related
intensity distribution is detectable, which overlaps
with single cluster peaks. If, for example, Ags; is
to be measured, the peak distance is necessary to
extrapolate the correct peak number [123].

The appearance of the graph can be explained by taking a quick look at the mass selector.
Cluster sizes are discrete because the mass can only change in steps of atoms. Thus a properly
working mass selector can separate individual sizes by choosing the correct pulse length. The
limited resolution of the machine will then broaden the theoretically sharp peaks for each
cluster size. A graph like the one in figure 1.26 appears as a consequence. Note that the broad-
ening of the peaks, which is equivalent to the resolution, increases with increasing cluster
size. Therefore the peaks disappear at some point and only a relatively even curve remains.
This fact is reflected in figure 1.27, which shows cluster sizes over a much wider range.
Single peaks are no more detectable but a variation in intensity is non the less present. The
latter can be attributed to the working parameters of the cluster machine, which cause certain
cluster sizes to exist in greater abundance.

The fact that at some point no more peaks are identifiable does not prevent the deposition
of larger clusters. It is possible to find the cluster mass by extrapolating the peak distance of
smaller clusters. With a properly adjusted Cluster Machine, the distance between peaks is
identical and independent of the cluster mass. Theoretically the peak distance should be equal
to one atomic mass of the target material. This may be true to a certain degree but additional
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effects alter this value. Most important in this context is the change in biases of the machine
after the cleaning process. It is now most likely that the cluster beam travels under a different
angle though the mass selector. To address this issue, the exact position of each detectable
cluster peak must be identified. The measured cluster size can then be plotted against the ex-
pected cluster size.
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Figure 1.28: The measured cluster size plotted against the suspected cluster size (black dots) in units of
silver masses (m4,=107.87 amu). The respective peaks are shown above for illustration with an arbitrary
y-axis scale.

The resulting plot can be seen in figure 1.28. The values can be fitted by a linear function,
which enables the identification of clusters sizes beyond the position where the peaks disap-
pear.

During our experiments this procedure proved to be problematic. Normally the peaks had
to be identified quasi manually using a software tool like Origin. Especially when multiple
cluster sizes were deposited in a row using the new Movable Focus Lens (see next section),
this time consuming process hindered the experiment. Therefore a Perl script has been coded
that identifies the peak position automatically and provides information on the correct mass
setting for the desired cluster size. Several tests proved its functionality. This and other soft-
ware is described in section 1.4.3 on page 34.

1.5.2 Movable Focus Lens

To compare different experimental results, it is of great importance to keep all environmental
conditions fixed, as far as that is possible. In most cases this is a futile attempt if an experi-
ment is to be reproduced. This can only be done to a certain degree while high quality devices
help to come close to said goal. Also important is a good documentation of the whole proced -
ure in combination with multiple experimenters, who can cross check parameters. If incon-
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sistencies in the data reveal themselves at a later point, this can help to sort out errors or con-
firm new and unusual physical effects. Another approach to keep experimental conditions
fixed is to do as many experiments at once as possible. This does not only reduce the total ef-
fort that is put into an experiment but ensures also that nearly all experimental conditions are
identical for each sub experiment. The new device, described in this section, was designed
with that in mind. The following paragraphs will describe the function, working parameters
and practical results of the Movable Focus Lens (MFL).

Most of the preparation steps of a certain sample take place before deposition. As men-
tioned in section 1.5.5.1 on page 47, many steps are necessary to get a sample, which is ready
to be used as a substrate for clusters. To nullify the effect of slightly different environmental
conditions as well as varying amounts of Ceo layers, unwanted adsorbates and vibration vise
behavior of the sample, it is best to use the same sample for as many experiments as possible.
This has been tried before with mixed results. The size of the cluster deposition spot proved to
be one obstacle in this endeavor. While the scannable area of the sample takes up 5x5 mm,
the spot itself is around 3 mm in diameter. This allows only multiple deposition spots if the
cluster beam aims at the rim of the sample. Theoretically it should have been possible to place
up to 4 spots on a single sample. Practically this was compromised by the relatively large dis-
tance between the last electrode and the sample itself where the bias is normally applied. We
estimated said distance to be a few centimeters. The successive investigation of the resulting
deposition spots showed that their positions were massively altered. The reason for that is
probably the geometry of the manipulator that holds the sample. When a bias is applied
between the last electrode of the ion optics and the manipulator, the resulting electrical field
is most likely deformed. The clusters will then follow those field lines and reach places on the
sample that are not meant for them. In addition to that the deposition spots are deformed and
possibly not separated from each other any more.

These obstacles have to be overcome. For that a device was built that reduces the size of
the deposition spot. It also works as the final electrode by being mounted in front of the previ-
ous one and reduces thereby the distance between ion optics and sample to only a few milli-
meters (varying from experiment to experiment). The focus lens is made of stainless steel,
which is the usual choice of construction material in a vacuum chamber. It is movable and en-
ables therefore the positioning of the essential cup, which is mounted in front of it, to be very
close to the sample despite the restrictions given by the geometrical setup inside the prepara-
tion chamber.
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Figure 1.29: Photograph of the new Movable  Figure 1.30: Movable Focus Lens with the cup
Focus Lens (red circle) attached to the ion optics hinged aside.

The mentioned cup is depicted in figures 1.29 and 1.30. It provides a plane surface facing
the sample. This surface ensures that electrical field lines are approximately parallel between
ion optics and sample. The total diameter of the cup is 5 mm. A borehole in the middle, which
is 1 mm in diameter, enables the clusters to reach the sample. The typical distance to the
sample surface is about 3 mm.

A bias can be applied to the device to enable an additional focusing of the incoming cluster
beam. In order to estimate the effectiveness of the lens, the diameter of the resulting depos-
ition spot has been computed. This was accomplished by comparing the total amount of de-
posited cluster material to the cluster coverage density in the deposition center. Note that this
only works under the assumption that the clusters are evenly distributed in the mentioned
spot. In a particular deposition of Aggs clusters a coverage C of 10 pAmin for the entire depos-
ition was measured. To compute the diameter d of the deposition spot, the cluster current,
measured with the Faraday cup 2, is used (see section 1.5.6.1 on page 48). STM images re-
vealed that a coverage density of D=77.1/(100x100 nm?) =10 % existed in the deposition
center. Under the assumption that the spot has a circular shape, the following equation ap-
plies:

d=2- ~(0.79 £0.04) mm

(1.6)

Note that the real spot should be slightly bigger due to a reduction of intensity towards the
rim. It is conceivable that the spot is identical in size to the previously mentioned bore hole.
Thus a reduction of the cluster spot from 3 mm to 1 mm is most likely achieved. This is pos-
sible without any loss of intensity by carefully adjusting the applied voltage. Thus only about
1/9th of the previous deposition time is needed to get the same cluster coverage density.

C Nz_\/ 10-60-10™" Asec
D 1-1.602-10" " Asec-(77.1 =7.7)/(10 " mm®)
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The new deposition parameters increase the experimental options considerably. With the
new Movable Focus Lens it is possible to deposit at least 9 spots on the 5 x5 mm? area, which
is scannable by STM. Furthermore the spots can be positioned with an accuracy of about
0.1 mm.

Several experiments have been set up, which not only provided new data concerning
cluster properties but also proved the functionality of the new device. There have been invest-
igations with STM and UPS, which show clearly that the deposition spots are precisely posi-
tioned and well separated. In one UPS experiment in particular the d-band intensities of 8 Ag,
deposition spots on HOPG were measured (see figure 1.31). This was done by setting the en-
ergy to 4-6 el below the Fermi level while simultaneously moving the manipulator and thus
changing the sample position relative to the detector. This resulted in a profile of the d-band
intensities alongside the z-coordinate. All three measurements at different x-positions of the
manipulator are shown in figure 1.31. The peaks, associated with the respective deposition
spots, can be clearly seen. Note that the given data lacks the necessary accuracy to identify
exact spot positions. The width of the peaks is strongly influenced by the limited spatial resol-
ution of the UPS experiment (see section 4.1 on page 131). However, the d-band intensities
show non the less a good match with the preset positions of the deposited cluster sizes.
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Figure 1.31: Three graphs of Ag,/Cs/Au(111) schematically arranged on the y-axis corresponding to the
z-position on the sample; d-band intensities measured depending on the sample position. The deposition
process aimed at producing 8 uniformly distributed and well separated deposition spots surrounding an
empty center (similar to that of figure 4.9 on page 137).

Furthermore the deposition time in combination with the respective ion current allows the
comparison of cluster coverage densities with and without the MFL. Investigations of
Agss/Ceo/Au(111) deposited without MFL with 51 pAmin showed a coverage density of
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D= 56/(100x%100 nm?). Thus, using the MFL, the cluster coverage density is increased by a
factor of about 7, which is in good accordance with the observed reduction of the deposition
spot diameter.

In conclusion the new Movable Focus Lens works as well as planned. The ability to posi-
tion deposition spots precisely in combination with the reduced spot diameter enabled us to
conduct several new types of experiments. The increased cluster coverage density and there-
fore reduced deposition time allowed us to deposit at least 9 spots in one experimental run on
one and the same sample. These could be positioned in such a way that we were able to in-
vestigate them in STM as well as in UPS easily.

1.5.3 Deposition

To ensure that clusters stay intact after deposition, a soft landing procedure as described in
section 1.2.2 on page 15 is used. The specific properties of the sample system play an essen-
tial role for the process to work. It must be able to absorb the energy of incoming clusters by
elastic deformation without being deformed itself. A suitable material is therefore Ceo. Sever-
al layers of these fullerenes are placed on top of Au(111) or HOPG. Other underlayments are
also possible but were not used in the following experiments. All surface materials are de-
scribed in more detail in section 1.3.2 on page 24.

Another important aspect of soft landing is the reduction of impact energy by applying an
adjusted bias. This is possible because the clusters, which reach the sample, normally carry a
single positive elementary charge.

When applying a bias to the manipulator, which holds the sample, not only the average
speed of the clusters is changed. The bias also influences the total amount of cluster material
reaching the sample. Therefore a balancing of both effects is necessary so that a soft landing
1s ensured without reducing the ion current too much. For that the cluster velocities have to be
investigated more closely.

The velocity is observed to be distributed Gauss-like. This is not directly measurable with
the detector in use (Keithley Picoammerter). However, the desired information can be derived
from the ion current by making use of the fact that the resulting curve is equivalent to the in-
tegrated kinetic energy curve of the clusters.

Several of these voltage-current curves are depicted in figures 1.32 and 1.33. They are usu-
ally gathered for each cluster size prior to a deposition. To ensure a soft landing, the impact
energy has to be as low as possible without loosing too much current. At the point, where the
slope of the voltage-current curve reaches a maximum value, the derived curve (several are
shown in figure 1.2) has a maximum in the Gauss distribution, which roughly corresponds to
the average kinetic energy of all clusters. If the bias was set to this particular voltage, about
half of the clusters would reach the sample.

Normally the voltage is further decreased by 3 V" so that about 70 % of the clusters reach
the sample. The mentioned 3 V translate into 3 e} average energy per cluster because the en-
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tire Gauss distribution is shifted by that value. Strictly speaking this is not true because not all
clusters arrive at the sample. However, normally it is sufficient to apply this simplification.
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Figure 1.32: Voltage-current curves for Agss to  Figure 1.33: Derived voltage-current curves of

Agse clusters providing basic information on their ~ figure 1.32 showing the kinetic energy distribution

initial kinetic energy. Note that larger clusters are ~ of incoming clusters. The curves have been

decelerated less due to their greater inertia. smoothed in order to illustrate the similarity to
Gauss distributions.

For most experiments 3 e} was the standard average deposition energy because it provided
a low enough impact energy on the one hand and sustained a high enough cluster current on
the other. However, in some cases different energies were chosen. Voltages above approxim-
ately 3 V simply cause a shift of the entire Gauss distribution. This is not the case if the kinet-
ic energy is set to values below 3 eV. Then large parts of the Gauss curve are cut off, which
means that a substantial amount of clusters does not reach the sample. This effect becomes
more severe the lower the average deposition energy is. It is now possible though to determ-
ine the centroid of the new, cut-off distribution. This way the average energy of the clusters
reaching the sample can be determined non the less. A more detailed analysis of this effect
will follow in the appropriate experiment in chapter 3 on page 106.

1.5.4 Cooling and Annealing the Sample

Temperature as a measure of kinetic energy per atom can be used to add energy to a system in
a precisely defined, however statistically distributed amount. While cooling is usually used to
prevent unwanted movements and alterations of adsorbed particles on a surface, annealing en-
ables the controlled influx of additional energy. Annealing is of great importance for all fol-
lowing experiments. Exposing clusters to room temperature is the easiest way to do so. The
sample is simply put in a holder close to the STM apparatus for a certain amount of time.
Providing temperatures deviating from that involves the use of the manipulator and its cool-
ing as well as heating capabilities. Those will be described in the following paragraphs.
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For cooling purposes two kinds of liquid gases are in use. The first and most frequently used
cooling material is liquid N2. Under atmospheric pressure N> keeps a temperature of 77.36 K
[113]. For practical purposes the short term LN for Liquid N: is used in experimental descrip-
tions and sometimes in order to inform about the specific temperature at which an experiment
is kept. Furthermore whenever a temperature of 77 K is mentioned, it is only a close estimate
because the sample in questions is always in contact with other parts of the environment that
often have room temperature so that heat transport can take place.

Another liquid gas used for cooling is liquid helium, for short LHe. It has an evaporation
temperature of 4.22 K under atmospheric conditions [113]. Analogous to LNz a sample in
contact with LHe will be kept at 4 K whenever the liquid gas is allowed to evaporate. How-
ever, in contrast to nitrogen, helium is a much more valuable gas. To prevent it from evaporat-
ing into the environment, the gas is reused with the help of a circulatory setup. The handling
of liquid helium is further complicated by the fact that it must not come in contact with parts
of the apparatus that are at room temperature before it has reached the sample. This would
cause the liquid to evaporate instantly so that it cannot reach its destiny in liquid form and
thus any cooling is prevented. These circumstances make it less interesting for an experi-
menter to use LHe in a practical sense, despite its ability to cool a sample much further down
than LN. Thus the latter is more often used for cooling purposes in experiments if extremely
low temperatures are not required. Furthermore lower temperatures have the disadvantage of
causing additional adsorption of foreign material onto a sample.

Heating is done by applying an adjustable voltage to a filament in close proximity to the
sample. Not only temperatures above room temperature can be precisely adjusted this way,
but also those below. This is possible because cooling the sample with LHe during heating
will result in an intermediate temperature. While the amount of gas cannot be controlled eas-
ily, a controller unit simultaneously measures the temperature via a diode, which enables it to
adjust the heating accordingly.

1.5.4.1 Temperature Adjustment

The temperature displayed by the silicon diode, which is attached to the sample holder con-
struction, does not measure exactly where the sample is located. Thus the real temperature of
the sample is always higher than shown. However, the magnitude of this effect can be identi-
fied by observing the behavior of adsorbed gas on the sample by means of UPS.

To observe the evolution of an adsorbing Xe film using UPS, an energy range at the posi-
tion of the main Xe peak at -7.04 el below the Fermi level was chosen for a scan. As depicted
in figure 1.34 the first monolayer of Xe produces a prominent electronic spectrum with
clearly visible peaks. The surface material, in this case HOPG, lacks these peaks.
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Figure 1.34: UPS spectra of desorbing Xe on HOPG. Temperatures are only given for the more prominent
spectra. Energy shifts of the peaks were caused by partly defect electronics at that time.

While monitoring the sample, its temperature was reduced by 0.5 K/min, starting at 100 K.
At some point a Xe film adsorbed, which was clearly visible in the measured UPS spectrum.
Due to the emergence of the peak, the measured curve displayed a positive slope until it ap-
proached a constant maximum (see figure 1.35).
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Figure 1.35: Temperature depended evolution of
the main Xe peak. At 68.5 K the main peak
disappears, which indicates the desorption of the
Xe layer.

Figure 1.36: Various Xe phases adsorbed on
graphite with their respective stability regions
[147]. Of interest is the transition from 2D gas to
2D crystal.

The temperature was then gradually reduced from 75 K to 40 K over a course of 18 min. At
first adsorption was observable due to the Xe gas inside the chamber starting at 68.5 K. At a
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certain point the first monolayer was saturated which resulted in no further intensity increase
in the spectrum. Finally at 50 K the second monolayer of Xe started to adsorb, which masked
the main Xe peak of the first monolayer. Finally more prominent structures of additional Xe
layers emerged for temperatures lower than about 42 K.

The long time intervals between temperature change ensured a sufficient equilibrium in or-
der to keep a good correlation between measured temperature and observed desorption. In a
next step the theoretical temperature for Xe evaporation had to be identified. Note that the de-
sorption temperature of a gas heavily depends on pressure conditions [147]. With a pressure
of 7.1x10°* mbar inside the STM chamber, a temperature of 77 K was estimated for the
sample surface using the adsorption conditions displayed in figure 1.36. This was about 8 K
higher than measured. These results are only rough estimations that could not be validated
otherwise. They show, however, that the sample temperature is displayed lower than meas-
ured. For the evaluation of most experiments, this deviation is of little importance. However,
in some cases it is necessary to take this effect into account in a detailed analysis.

1.5.5 Sample Preparation

In our experiments quite different sample systems have been used. Not all will be described in
detail at this point because most are specially designed for a certain kind of experiment. Thus
a more detailed description will follow in the respective experimental chapters. At this point a
more general description, which encompasses all used sample systems, will be given.

The preparation of an experiment normally starts with choosing a sample plate, which is
roughly rectangular in shape with a size of 18x15 mm? and a thickness of 1 mm?. It has an
eyelet on one side to grab it with a wobble stick inside a vacuum chamber.

ww Gl

Figure 1.37: Photograph of a typical HOPG  Figure 1.38: Schematic depiction of a sample. As
sample. examples both deposition spot sizes with and
without Movable Focus Lens (MFL) are shown.

The preferred material for the sample plate is molybdenum because it has a low tendency
to emit foreign material into the vacuum chamber even if it is heated to high temperatures.
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The sample itself, in our case usually HOPG or Au(111), is put onto the plate and hold in
place by small stripes of tantalum, which are electro welded to the plate. At this point it is im-
portant to make sure that a good contact between sample and plate is guaranteed. If this is not
the case, an STM measurement could be compromised due to a lack of electrical conductivity.
In addition to that vibrations might occur because part of the sample may resonate in an un-
wanted frequency. Furthermore a good thermal contact is necessary for all experiments that
require low temperatures so that an effective cooling can take place. During each preparation
step outside the vacuum chamber, a contamination of the whole sample system has to be
avoided. This means that rubber gloves must be worn and tools as well as the workspace have
to be cleaned with isopropyl alcohol or acetone. It is crucial to avoid any damage to the sur-
face of a sample because even small scratches may hinder a proper investigation of that re-
gion when sensitive measurements are conducted.

After the sample is transferred into the preparation chamber of the Surface Science Facil-
ity, all samples have to be heated to at least 100°C in order to remove adsorbed water from
their surfaces.

1.5.5.1 Au(111) and HOGP Sample Preparation

As mentioned in section 1.3.2.1 on page 24, gold as a surface material has many advantages
like inertness and ductility. Due to its favorable crystalline structure it is used in many experi-
ments conducted by us. In many cases it is functionalized with Ceo in order to create a buffer
layer on top of it.

To create an Au(111) surface, gold has to be evaporated on a fitting underlayment. This is
done for two reasons. First, gold will automatically form the desired (111) crystalline struc-
ture as soon as it covers the surface. Second, very thin layers can be created this way, which
uses up less material, while simultaneously providing a large uniform surface area. As an un-
derlayment mica is used. It is a non-conducting, transparent mineral with some flexibility.
Au(111)/mica normally comes in foils of 50100 mm?*. These have to be treated with care be-
cause touching or exposing them to dust could cause damage to the sensitive surface. To cre-
ate a sample, a piece of roughly 10x10 nm? is cut out of the foil and electro welded on the
molybdenum sample holder.

Finally the sample is transferred into the preparation chamber (see section 1.4.1 on page
28) and heated to about 250°C-350°C in order to remove water and unwanted foreign materi-
al. After that the sample is sputtered with Ar ions in order to remove the top layers. This en-
sures that even unwanted adsorbates, which do not disappear during heating, are removed. To
recover the surface from damages due to sputtering, it is heated to about 250-300°C. Further
steps like the evaporation of Ce or other materials are now possible.

HOPG (see section 1.3.2.2 on page 25) comes in tiny blocks with a few centimeters in width.
In our case bigger quadratic plates with a diameter of up to 12x12 mm’ and a thickness of
1 mm have been used. For the last step of surface preparation a stripe of strong adhesive tape
1s used to remove the top most layers of the HOPG plate. This procedure has to be repeated
until a clean and smooth surface is created. After that the plate is mounted onto a sample
holder. The whole sample is then transferred into the STM chamber where it is heated to
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about 600°C for 1 4. This removes water and adsorbates from the surface. After that the
sample is ready for deposition.

1.5.5.2 Evaporating Ceo

To enable soft landing and in order to reduce the interaction between cluster and underlying
surface, Cg fullerenes (see section 1.3.2.3 on page 26) have been used in many occasions as a
buffer material. They are evaporated inside the Preparation Chamber (see section 1.4.1 on
page 28) from a small crucible. By heating the crucible electrically different temperatures can
be archived and controlled by a Type K Thermocouple. The evaporation rate is controlled by
keeping the thermovoltage constant at 17.15 mV (420°C). When the desired temperature is
reached, a shutter is opened, which releases the Ceo fullerenes into the preparation chamber so
that they can land on a previously positioned sample.

The number of monolayers is set by varying the amount of evaporated Ceo. This is done by
choosing a specific duration, which has been identified in previous experiments. If only one
monolayer Ce should cover the surface, the sample can be heated to about 250°C for 30 min
after the shutter has been closed. This process causes the Cq fullerenes to form a uniform
monolayer. However, multiple monolayers cannot be evaporated at once if a multitude of sep-
arated and clearly identifiable islands shall be created. During the heating the fullerenes
would simply move to the rim areas or form very large coherent layers, which are difficult to
identify. Instead additional layers are evaporated onto an existing, already heated and thus
uniform Cg surface. Then a subsequent heating is unnecessary because the fullerenes of the
second and additional monolayers form small, uniform islands on their own.

1.5.6 Experimental Data Collection

In this chapter a quick overview of the data gathering procedures is given in order to clarify
the context in which the respective conclusions are drawn. Many practical steps that will be
mentioned in the following sections are part of an often repeated routine. While the precise
steps are too numerous to be presented in detail, key issues will be explained.

1.5.6.1 Computing Cluster Current

The second Faraday Cup (FC2) is used to measure a current stemming from clusters pro-
duced by the cluster machine. To get a grasp of the total amount of cluster that can be associ-
ated with this current, a few assumptions have to be made. First, the clusters are thought to
carry a single elementary charge. Thus it can be assumed that the measured current / allows a
direct computation of the amount of charges in a time interval by the relation

_N-e
¢

1

volt
e

(1.7)

with e being the elementary charge [61] and ¢ the time in seconds. The value N coincides
with the amount of clusters due to their single elementary charge.
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In consequence the cluster current is always measured over a certain time period and the
amount is given by the product of those two values in units of pAmin. As shown in equation
1.7, the total amount of clusters can be computed easily with this.

1.5.6.2 STM

The STM measurement conducted in the context of this work used an Omicron LT STM ap-
paratus [137]. In this particular setup, the scannable size of the sample is restricted to
5x5 mm? around the center of the sample plate. The tip is approached towards the sample sur-
face with piezo electric elements while optically controlling the distance. Even surfaces show
a reflection of the tip and allow a visual inspection of the actual gap. For the remaining dis-
tance (in the order of several micrometers) a feedback loop is used to approach the tip until
the systems detects a tunneling current.

STM data comes in the form of images that can be adjusted in terms of size and resolution.
In addition to that a forward and a backward direction are scanned alternately. Normally the
images have a size of 100 nm?* to 200 nm?. The speed at which a scan can be conducted heav-
ily depends on the tip's stability and sample quality. Under unfortunate conditions a typical
measurement can take up to 1 / but in most cases half the time is achievable. Because of a fre-
quent and often sudden deterioration in the quality of the scan, the process has to be mon-
itored constantly. If a change in tip state takes place that affects the scan negatively, most of
the tunneling parameters have to be readjusted until the problem is solved.

The raw data can either be evaluated by a program called WsXM [148], which encom-
passes several functions to study the morphology of the STM image, or a self developed pro-
gram called CES (see chapter 1.4.3 on page 34) can be used, which is able to count clusters as
well as cavities and compute their heights (depth) and several other properties. Both pieces of
software are used on a regular basis.

After scanning, the images are transferred to a desktop PC. Raw images often show a sig-
nificant slope in one direction, which is due to a tilting of the scanned region or entire sample
relative to the tip. To correct this, WsXM is used to flatten the image either automatically or
by selecting several areas that serve as reference zones. After that the images are usually con-
verted to a format readable by the self developed program CES. The clusters are then identi-
fied, their properties computed and an ASCII file, that entails all necessary information, is
created.

With the help of the program Origin, a list of cluster properties is extracted and can be
evaluated by different means. For the most part histograms are created from individual cluster
heights. Their enveloping curves resemble Gauss curves whose maximum can be interpreted
as being the average cluster height while the broadening arises from deviations and errors of
the measurement process. Other functions are used less often and will only be mentioned in
the appropriate context.

In many of the following experimental chapters STM images are presented. Their color
coding can be understood in the following way: Each pixel can be attributed to a certain
measured height. The pixel that corresponds to the maximum height in the scanned area is de-
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picted in white. The pixel that can be associated with the minimum height is depicted in
black. Every height between those two extremes has a color that transitions from black over
red to white. The exact nuances depend on how close the height of the pixel is to the absolute
height maximum or minimum. Because there are several ways to distribute the colors, it is not
possible to assign them to any particular height. This can only be done by analyzing the cor-
responding data, the images themselves can solely be used for a qualitative evaluation (see
figure 1.39). STM images can also be displayed by deriving each line so that a pseudo 3D
representation emerges.

In some cases profiles of clusters and surfaces are presented. These are achieved by facilit-
ating a function of WsXM that allows drawing a line across an STM image. Along that path
the profile is created, which is automatically scaled to range from the minimum to the maxim-
um value of the selected data set (see figure 1.40).
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Figure 1.39: Typical STM image with profile  Figure 1.40: Profile of the entire marked path in
path marked green (taken from deposition d263/  figure 1.39.

Agy)

Normally the STM has to be calibrated to work properly at a given temperature. Therefore
STM calibration files exist for room temperature, 77 K (liquid N> temperature) and 5 K (li-
quid He temperature). These files correctly describe the heights of e.g. atomic steps and other
structures at low scan speeds. However, detailed analysis of Ce layers on HOPG revealed that
this calibration had to be altered in the case of nm-sized structures scanned at 77 K and with
typical speed used for cluster images [123]. Clusters on the surface are in consequence im-
aged 11% larger than they actually are. So all height values have to be multiplied by a factor
0f 0.89 in order to correct them. Usually this is done automatically by the CES software when
the cluster height is identified. Images can be corrected using a script that essentially does the
same thing, though for each pixel. Note that heights can also be shifted slightly due to a dif-
ferent electronic behavior of surface and cluster. This and the validity of the previously men-
tioned factor have been confirmed experimentally as shown in figure 3.27 on page 124.
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1.5.6.3 STS

Data collected by STS must be evaluated with the difficulties in measurement in mind.
Ideally an STS spectrum of a cluster would encompass detailed information on the cluster's
electronic properties but deficiencies of the method complicate matters. This section gives an
overview of all necessary measurement as well as evaluation steps.

The whole process starts with an STM image, which is small enough in size to encom-
passes a maximum of three clusters. The clusters are scanned with a significantly reduced
speed. When the scan reaches the assumed center of a cluster, the STS mode of the STM
device is chosen to take several spectra of the cluster as well as spectra of the substrate as a
reference. It is noteworthy that some clusters are collected or destroyed by the tip during this
process. Thus it is mandatory to stop the scan when the tip has on the one hand transpassed
the cluster's center but has on the other hand not reached its exteriors. In this state the STS
spectra should be gathered. This way a possible alteration of the cluster's integrity can be
monitored. Note that low temperatures, normally around 5 K (liquid helium), must be used in
order to prevent thermal drift effects. The latter, if too prominent, can compromise the entire
measurement by altering the position of the tip in an unknown fashion.

All of the about 100 substrate spectra, which have been measured in a row, have to be av-
eraged. This is, however, often complicated by faulty spectra, which have been compromised
by random currents probably caused by changes in the relative position between tip and
sample due to vibrations. These have to be sorted out while the remaining spectra deliver a
good estimate for the material's electronic structure. Finally each cluster can be associated
with three types of spectra:

1. Substrate spectra gathered before the cluster is reached.
2. Cluster spectra that entail the desired information.
3. Further substrate spectra gathered after the cluster has been scanned.

At this point a smoothing of the gathered curves is mandatory in order to recognize their
evolution. Note that in reality not only the electronic structure of cluster or substrate is invest-
igated but also the one of the tip itself. So every change in tip state threatens to compromise
the measurement. To get information on the severity of this effect, both substrate reference
spectra can be used to identify differences. If they show profound changes, the tip state has
obviously been altered during the process. Only clusters that were subject to the same tip state
can be compared directly. Normally only very few, not more than 4, clusters experience the
same tunneling conditions. Furthermore not all of these sets contain useful information. In
many cases a severe tip influence can deteriorate the quality of the respective spectrum. A
cluster that is contaminated by foreign material can also deliver problematic data. Finally a
great hindrance lies in the fact that the tip has to be positioned over the very center of the
cluster. This is hardly controllable, despite having tremendous effects on the resulting spec-
trum.
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1.5.6.4 UPS

To evaluate UPS spectra, the information gathered by the experimental setup (see section
1.1.2 on page 9) is first transferred from the UPS computer to a desktop PC. The information
of each spectrum is saved into a single ASCII file. The first row contains information on the
energy, while the according electron count can be found in the second. The program UES is
used to normalize and bundle the data.

For normalization a value must be manually chosen that determines the energy at which all
spectra should display the same electron count. The new electron count is unimportant for any
further analysis so that arbitrary but identical values suffice. In a last step all spectra, until
now in multiple files, are bundled in a single ASCII file. Normalization and bundling is done
by the software UES. With the help of the program Origin, the ASCII file can be read and its
content can be displayed.

Clusters on HOPG demand a special evaluation method that has a great impact on the pre-
ceding design of the experimental setup. Note that electrons, which are emitted from a large
area of the sample, reach the detector all at once so that the spectra of clusters and the under-
lying surface are overlapping and are thus indistinguishable. But if the surface is measured in-
dependently from the clusters, i.e. before deposition, the respective spectrum can be subtrac-
ted. This way the sole sum of all cluster spectra remains, at least theoretically. This is of
course only possible if the interaction between clusters and surface is weak so that they can be
regarded as being independent from each other. Consequently, when using this evaluation
method, only sample systems with weak cluster-surface interaction were investigated in the
respective experiments. Additionally the fraction of the substrate covered by clusters has to be
very small, which is mostly the case if coalescence is avoided.
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2 Experimental Results for Moderate Cluster-Surface
Interaction

The experiments, which are presented in this chapter, deal with clusters on surfaces in mul-
tiple configurations. The previously described methods and laboratory tools were used to
fashion several types of samples and bring them in contact with mass selected clusters from
the cluster machine. The experiments are ordered by the theoretically predicted interactions
the clusters would encounter after depositing them onto a surface. Thus the three main topics
are moderate, strong and weak cluster-surface interaction. While this distinction is in itself
not precise due to the wide variety of sample systems, it enables a rough classification of the
phenomena observed.

As mentioned in section 1.2 on page 11, the cluster-surface interaction is mainly governed
by potentials that must be overcome by cluster atoms in order to decay or rearrange. This can
be understood as a competition of binding energy within the cluster and binding energy
between cluster and surface. The former must be surpassed for the latter to be released. If this
results in a net surplus of energy, the cluster can change its shape and organize in a more ener-
getically favorable arrangement. Note that cluster-surface interaction also encompasses diffu-
sion barriers for clusters on the surface. This effect is somewhat independent of binding ener-
gies and is caused by the lateral electronic or geometric properties of the sample. A low diffu-
sion barrier allows the cluster to be moved easily alongside the surface while a large barrier
keeps it in place.

Moderate interaction Strong interaction Weak interaction

Cluster
Cluster Cluster e

G A

Figure 2.1: Schematic depiction of moderate, weak and strong cluster-surface interaction. In the case of
moderate interaction the cluster is possibly deformed but overall intact (cluster shape calculated by M.
Moseler). When a strong interaction is present, the cluster is destroyed and an island forms. In the case of
a weak interaction the cluster is at most slightly deformed but beyond that unchanged. In the images
atoms are not true to scale.

In the following chapters most experiments fall in the category of moderate cluster-sur-
face interaction. Because it allows an overview of many relevant effects, moderate interaction
will be presented before the other experimental results. On the one hand a moderate interac-
tion encompasses configurations that do not cause the cluster to change its shape dramatically
and thus keep the initial atomic arrangement for the most part. Thus only a low binding en-
ergy is present. This distinguishes the moderate from the strong cluster-surface interaction.
On the other hand this interaction is strong enough in terms of diffusion to keep the cluster
motionless at temperatures lower than about 77 K and enables the experimenter to image the
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surface with STM, which distinguishes it from a weak interaction. In the following experi-
ments a moderate interaction is accomplished by a metallic surface like Au(111) functional-
ized with a buffer layer of Ce. Note that the weak interaction between a cluster and Ceo 1s sig-
nificantly increased by the presence of an Au(111) underlayment. The energy barrier for a re-
arrangement of the cluster lies between 1 ¢/ and 2.4 eV for 1 ML and 2 ML/Ceo/Au(111), re-
spectively [149]. With additional layers of Ceo the barrier is increased and the cluster-surface
interaction thus reduced. In addition to that Ceo delivers a comparably large diffusion barrier
due to the uneven surface of a Cy layer.

As mentioned before, strong cluster-surface interaction is put into effect if the cluster
changes its shape or decays for temperatures around 77 K. Experimentally a strong interaction
is accomplished by depositing silver clusters directly onto Au(111). The system can be easily
investigated using STM. The energy barrier for a rearrangement of the cluster is smaller than
0.4 eV (computed by 7. Jdrvi). The exact value can be much lower depending on the criteria
for cluster alteration. Diffusion barriers are difficult to quantify. However, they can be very
low. P. Blandin and C. Massobrio calculated an energy lower than 0.1 e} for the diffusion
barrier of Ag on Pt(111) using molecular dynamic simulations [150].

Finally weak cluster-surface interaction takes place if the cluster is neither reshaped nor
firmly fixated on the surface. The energy barrier for a rearrangement of a cluster is for the
most part independent of the surface, which causes it to behave similarly to a free particle.
Experimentally a weak interaction is accomplished by using HOPG as an underlayment. In
our case UPS was used for investigation. Note that the exact value of the binding energy
between cluster and HOPG surface strongly depends on the material and size of the cluster.
However, it can be estimated to vary between 0.25-0.8 e} [151-153] for the configurations of
the following experiments. A low diffusion barrier is also present for metal atoms [153].

The strength of cluster-surface interaction normally coincides with a specific surface ma-
terial and method of measurement. There are, however, further possibilities of bringing the
experiments in a certain order. For example the observed phenomena, like formation of is-
lands or coalescence, would be suitable criteria. In order to account for this fact, the final
chapter of this work will deal with a discussion of all observed phenomena.

2.1 Agss5-Agi3zs on 1 and 2 ML Ceo/Au(111)

Several experiments have been conducted to investigate the overall behavior of Ag clusters on
a Ceo/Au(111) surface. This sample system is described in more detail in section 1.5.5.1 on
page 47. Note that the amount of adsorbed Cg was varied for different experiments. In some
cases less than 1 ML was chosen so that free areas of bare Au(111) remained. In others up to
1.5 ML Ceo covered the surface so that additional islands of 2 ML Ce formed. Figures 2.2 and
2.3 show an Au(111) surface covered with varying amounts of Ceo.

The sample's temperature was kept constant at 77 K in all cases during deposition as well
as measurement. The process of cluster deposition is explained in section 1.5.3 on page 42.
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All clusters had an average kinetic energy of 3 el. Only slight variations of the mentioned
procedure occurred. These were often necessary rearrangements of the experimental setup
due to complications. They will only be mentioned in the appropriate place if they have been
of any consequence to the final experimental results.

Figure 2.2: Bare Au(111) (center) surrounded by Figure 2.3: Islands. of 2ML Cy on top of
a C layer. Several clusters are also visible. Image ~ Ce/Au(111). Image size: 292x292 nm’.
size: 60x60 nm?.

As mentioned before, this sample system can be associated with moderate cluster-surface
interaction. Although the inter-atomic bonds of the cluster dominate compared to the interac-
tion with the surface, electronic effects can non the less be observed. Changes in the electron-
ic structure of the target material can influence STM measurements which has been observed
in several occasions with respect to other surface materials [97].

The following experiments have been done in succession to earlier studies conducted by S.
Duffe [123]. They aimed at gaining a deeper understanding of rearrangement and decay pro-
cesses. Most of the experiments described in this section can also be found in the diploma
work of N. Miroslawski [154].

2.1.1 Agss and Agos on 1 ML Ceo/Au(111)

This experiment served mainly three purposes. First, the heights of Agss and Ages on
Ceo/Au(111) were to be compared. Earlier experiments often lacked a sufficient comparability
of the measured heights. The main reason for that was the fact that each new sample was
fashioned under slightly different environmental conditions. For example the temperature or
the contamination with foreign material could not thought to be identical. As a consequence
it was aimed to deposit two cluster sizes onto a single sample to ensure the exact same condi-
tions for their evolution. It was then possible to evaluate if the environmental conditions of
different samples would affect the outcome in any significant way.
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Second, the shape and size of the deposition spot were to be measured. This proved to be
an important step to get a grasp on the alterations of the cluster beam by the electron optics.
In addition to that it was necessary to identify the exact area at which the clusters landed in
comparison to the coordinates of the manipulator. The relative positions of Agss and Agos were
useful in order to see if there were any deviations from the expected coordinates.

Third, the experiment had to determine if and how the two emerging spots were separated
and if and how they could be distinguished sufficiently to find areas, which were not com-
promised by the other cluster size. It was also not entirely sure if both cluster sizes would in-
teract in any way during or directly after deposition, especially in areas with a high cluster
coverage.
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Figure 2.4: Photograph of the Au(111)/mica sample scaled and inverted together with a measured Agss
deposition spot distribution (top). The numbers on the right show the amount of identified clusters in a
single 200x200 nm?image. The suspected deposition center of Agys is depicted in the lower left together
with the computed spot. Along the red dashed line several positions were scanned (see figure 2.9). Image
size: 6.1x6.1 mm?2
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Preparation and deposition were done under standard conditions. Deposition started with
Agss, followed by a mapping and measurement of the spot. Ages was deposited 12 d later. To
get a sufficient separation of both spots, their positions were chosen with near maximal dis-
tance. Figure 2.4 illustrates the chosen spot positions. Note that the depicted directions re-
semble the coordinates of the manipulator. The Agss spot was positioned close to one rim of
the sample with a large value on the z-axis. The Agos spot can be described by a smaller
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z-value while simultaneously being slightly shifted back on the y-axis so that it was posi-
tioned in one corner of the sample. The manipulator coordinates revealed a theoretical relative
distance of the spots of 3.5 mm.

First investigations of the sample showed that the Agss deposition spot was indeed at the
desired position. Ages, however, deviated from that and was found to be shifted on the z-axis
of the manipulator. Later experiments revealed similar alterations of the position depending
on the relative coordinates. The precision of the manipulator and the correctness of the depos-
ition parameters could also be verified by these additional experiments. A remaining and con-
clusive explanation for this phenomenon is the uneven geometry of the manipulator near the
sample it holds. When a particular voltage is applied to the device, the electric field lines
between metallic parts of the manipulator and ion optics can not thought to be straight. Thus
an ion beam at the rim of the sample comes quite close to uneven electric fields which leads
to a change in its path or even a warping of the emerging cluster spot.

After mapping Agss, a height of 1.24 nm was determined for this cluster size. This is signi-
ficantly smaller than the 1.38 nm measured by S. Duffe in a preceding experiment [123].
However, the respective deposition temperature was with 165 K larger, which might have
caused alterations of the clusters. In addition to that the cluster count was about a factor 3
smaller than in this experiment.

Frequency

Cluster height [nm]

Figure 2.5: STM image of Agss clusters on 1 ML Figure 2.6: Height histogram of clusters from the
Ceo/Au(111). Agss deposition center.

Successive measurements of the Agos center region revealed an average cluster height of
1.47 nm. As expected this value is larger than that for Agss, because of the greater size of
Agos. The latter was, however, not mapped completely due to time constraints. At this point it
was not yet clear if both cluster sizes were separated. However, the comparably low error of
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both Agss and Ages in combination with very Gauss-like enveloping curves indicated that each
deposition spot only consisted of one size.
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Figure 2.7: STM image of Agys clusters on 1 ML Figure 2.8: Height histogram of clusters from the
Ceo/Au(111). Agys deposition center.

At this point the focus of the experiment shifted from measuring heights to analyzing the
possible overlapping of both sizes. For that the maxima of the Agss and Agos deposition spots
were used as reference points for a straight line that ran between them across the sample. Uni-
formly spaced positions on that line were chosen to conduct STM scans. The heights of the
clusters in these regions were identified and histograms generated. As it turned out the
amount of clusters never reached 0 at any point, which means that both deposition spots over-
lapped. Consequently the images half way the distance between both deposition centers were
used for a histogram, which was expected to entail a mixture of both sizes. Because the aver-
age height of Agss and Ages deviated 0.23 nm from each other, which is about half the ob-
served standard deviation of the enveloping Gauss curves, the formation of a shoulder either
on the right or the left side of the distribution was expected. The latter solely depends on the
ratio of both cluster sizes in the relevant images.

As the histogram of the transition region reveals (see figure 2.9), a shoulder is indeed vis-
ible. To validate the above analysis, the transition was simulated by adding up enveloping
curves of Agss and Agos histograms from their respective deposition centers. Only the ratio
between those two was adjusted.
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Figure 2.9: On the left is a histogram of cluster heights taken from a transitional area between the A gss
and Agys deposition. On the right are measured and normalized enveloping curves of Agss (blue, dotted)
and Ags (green, dashed) cluster histograms. The summed curves are depicted as a red line. Respective
histogram values from clusters of the transition region are depicted as black stars.

Figure 2.9 confirms the notion that both cluster sizes could be clearly distinguished. Con-
sequently the deposition maxima were not compromised by the other cluster size. In addition
to that an interaction between Agss and Agos in the transition area can be ruled out.

2.1.2 Agss, Agss and Agizs on 1 ML Ceo/Au(111)

After depositing two separate deposition spots onto a single sample, we aimed at placing
three spots on a sample. As mentioned before, inaccuracies in the positioning could not be
ruled out. Consequently three cluster sizes with very different expected heights were chosen.
Even with overlapping spots, mixed cluster sizes could still be distinguished due to their devi-
ating histograms. To attain a reference to previous experiments, the first size was chosen to be
Agss. Agss was chosen because it was slightly smaller in size than the electronically magic
Ago. It was theorized that a sudden height change might occur when the cluster approaches a
magic size. Finally the electronically magic Agiss was chosen because it had not been depos-
ited up to this point and helped in closing certain gaps in the overall measured cluster size dis-
tribution.

The positions for each deposition spot were arranged in a certain pattern comparable to
that of figure 2.4 on page 56. As it turned out an exact positioning was again not possible. Es-
pecially the deposition spots near the sample's rim were as expected shifted from their desired
position. As a consequence only clusters from the rim region of the Agiss spot were in reach
of the STM apparatus.

After identifying each deposition spot and scanning a sufficient amount of images, a direct
comparison of the cluster sizes to each other and to previously measured cluster sizes was pos-
sible (see figures 2.10-2.13).
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Figure 2.10: Histograms of Agss, Agss and Agiss
on Ce/Au(111) on the same sample. The deviating
frequency is due to differences in scannable
cluster coverage.
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Figure 2.12: STM image of Agg on 1 ML
Ceo/Au(lll).
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Figure 2.11: STM image of Agss on 1 ML
Ceo/Au(111).
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Figure 2.13: STM image of Ag on 1ML
Ceo/Au(111). Note the low cluster coverage.

As mentioned before, the Agiss spot was just barely reachable so that a lesser total amount
of individual clusters was available per image. This lead to a reduced count rate. Agss shows a
lesser overall count rate than Agss because it was measured before and thus a low cluster
count was sufficient for a comparison to earlier results. Obviously the average height of Agss
clusters comes with 1.28 nm quite close to previous measurements. As it turns out Agss has an
average height of 1.48 nm and thus does not differ significantly from the height of Agos. Agiss
and similar cluster sizes were not measured before so that a direct comparison to other experi-
mental results is not possible. It is, however, with an average height of /.65 nm similar to the
computed height of 0.32-N"? nm (N being the number of atoms) of a spherical cluster.
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This experiment proved again the possibility of separating several deposition spots, but
this time complications were apparent. In addition to that it was proven that cluster height
measurements were quite reproducible. In that context earlier measurements of Agso (depos-
ited at 165 K) [123] showed with 1.31 nm a much lower height than Agss. Thus a comparably
swift change in cluster height was conceivable between those two sizes.

2.1.3 Ags2, Agsa and Agse on 1.5 ML Ceo/Au(111)

In the context of previous experiments, it was aimed to investigate the region from Ags, to
Aggs in more detail. Therefore the intermediate cluster sizes Ags:, Agss and Agss were depos-
ited onto the same sample. The additional size Agiio was accidentally deposited outside the
scannable sample area and was therefore not part of the experiment. Furthermore the amount
of evaporated Ceo was increased to 1.5 ML during sample preparation in order to obtain addi-
tional 2™ monolayer islands of Ce on the surface.

Despite the difference in the amount of evaporated Ceo, the preparation and deposition pro-
cedure was identical to earlier experiments. The deposition spots were again distributed
evenly on the the scannable sample area. Difficulties in spot adjustment were reproduced as
well so that several spots shifted. Consequently the center of the Agss spot was outside the
scannable sample area which resulted in a reduced total amount of counted clusters.

Clusters were counted separately depending on the Ceo layer they were found on. Due to
the lesser relative area of 2™ monolayers Ceo, the respective total cluster count of the 2™ ML
was reduced compared to that of the first layer. The height of the clusters was found to be in-
dependent of the Cs monolayer.

Figures 2.14 and 2.15 show the respective STM images for both 1* and 2™ monolayer Cgo.
Figures 2.16 and 2.17 show STM image and histogram for Agss on 1 ML Ce. Note that the
frequency for 2™ monolayer clusters was not sufficient for Agss to deliver any meaningful in-
formation. This was due to the fact that only rim areas of the deposition spot could be invest-
igated and that Ce island occurred less frequent that far from the sample's center. Thus 2™
layer Agss 1s not displayed at this point. It is, however, conceivable that Agss would not be-
have differently to the other two cluster sizes.
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Figure 2.14: STM image and respective height  Figure 2.15: STM image and respective height
histograms of Ags/1.5 ML Ce/Au(111). Both  histograms of Ags./1.5 ML Ce/Au(111). Both
monolayers have been evaluated separately. monolayers have been evaluated separately.

By comparing the heights of the measured cluster sizes, a quite significant shift can be ob-
served. In this case Ags: shows with 1.41 nm the lowest height while Ags is with 1.47 nm
higher than all the others. Agss displays an intermediate value with 1.44 nm. This is unexpec-
ted because no clear increase in height is visible. On the contrary, first it rises to a maximum
for Agss, just to decrease again for Agss. However, errors in measurement cannot be excluded.
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Figure 2.16: STM image of Agg clusters on  Figure 2.17: Height histogram of Aggs clusters.
1.5 ML Cg/Au(111). Only the 1** ML could be evaluated.

The following two aspects have to be regarded before any further conclusions can be
drawn:

1. The faulty positioning of deposition spots near to the sample's rim may have obscured
the exact position of a particular spot. While not being likely, it is conceivable that the
positions for Agss and Agss interchanged. With this correction in mind Agss would no
longer show an intermediate increase in height.

2. The measured height is dependent on the limited resolution of the cluster machine. A
mixture of the main and neighboring clusters is expected for a single deposition spot.
Ags, for example, also encompasses Agss and Agss, possibly even Ags, and Agss. A de-
tailed analysis of this effect can be found in section 2.2 on page 80. If the size of Ags
and Agg had been close to a height change, the mixing of several sizes with different
heights could have resulted in a broadening and potential shift of one or both height
distributions.

2.1.4 Stability of Agss5-Agi3s on Ceo/Au(111)

Ag clusters of different sizes on 1 and 2 ML Ce are highly stable at 77 K, as STM investiga-
tions showed. Even after several weeks of scanning, no change in distribution or height could
be observed. While soft landing was conducted in every experiment so far, later on changes
were provoked by increasing the sample's and thus cluster's temperature. This process (see
section 1.5.4 on page 43) allows the clusters to gain additional energy so that they are able to
rearrange the atoms, they consist of, in a way that is more energetically favorable. A success-
ive scanning via STM after annealing reveals the height of rearranged clusters and thus en-
ables the experimenter to deduce their altered shape.
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In earlier experiments conducted by S. Duffe [123] a specific decay process in Agso
clusters on 1 ML Ce/Au(111) was observed at room temperature while it did not occur on
2 ML Cs/Au(111) under otherwise identical conditions. Molecular dynamic simulations re-
vealed that in the case of 1 ML Cg the formation of a dimer at the bottom of the silver cluster
effectively reduces the energy barrier so that a transport of matter can occur. During the pro-
cess one atom of the pair is close to the cluster while the other one approaches the substrate.
In this configuration no atom has effectively left the cluster compound, yet a single atom is
much closer to the gold surface than before. Consequently the energy barrier, which must be
surpassed, is reduced to 1.05 eV in the case of Agsw. At room temperature about 0.9 el is
available so that the barrier can be surpassed (see table 3.1 on page 118), and the cluster de-
cays in time scales of hours.

£ (V)

r(A)
Figure 2.18: Decay of an Ag;y cluster on 1 ML Cy. The formation of a dimer and subsequent creation of

a bridge between cluster and surface lowers the potential energy (blue curve; blue letters) sufficiently for a
decay to take place. On two monolayers the gap is too large to overcome (red curve; red letters) [149].

On 2 ML Ce the energy barrier between Agso cluster and Au(111) substrate has a quantity
of 2.4 eV. This significantly larger value prevents any decay in reasonable time scales
(>10%q) [149]. This calculation was confirmed experimentally for Agso clusters. A depiction
of the decay process or lack thereof is shown in figure 2.18.

To investigate the stability of cluster with varying sizes, annealing experiments have been
conducted for several cluster sizes smaller than or equal to Agiss. Each sample was not only
heated to room temperature but underwent several annealing steps for various amounts of
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time so that possible intermediate states in cluster shape evolution could be observed. In the
following sections the results are organized by experiment.

2.1.4.1 Annealing of Ags5 and Agos on 1 ML Ceo/Au(111)

Agss and Agos (see chapter 2.1.1) were located on the same sample so that they underwent
identical annealing conditions. The sample, normally cooled to 77 K, experienced the follow-
ing three successive annealing steps: 1 4 at 200 K, 1 4 at 250 K, 20 min at RT. Annealing star-
ted at 200 K because no major effects to the clusters were expected at lower temperatures.
With the sample approaching room temperature, the time was shortened from 1 4 to 20 min
because changes where expected to occur more rapidly.

The upper most histogram in figure 2.19 shows the cluster height distribution of Agss at
77 K measured with STM on Ce/Au(111). Below are several successive annealing steps. The
height distribution changes visibly after annealing the sample for 1h at 200 K. In addition to
the main peak at about 1.3 nm another cluster height of 1 nm emerges but until this point with
less than half the frequency. Another annealing at 250 K leads to quite significant changes. It
seems that now again only one peak at 1.3 mm is present. However, the histogram is
broadened in comparison to the previous annealing step. Thus it is conceivable that the addi-
tional height at 1 nm and another one at 1.5 nm are present but barely detectable due to a low
cluster count. It seems that additional heights disappeared and only the one with 1.3 nm re-
mained. This observation is confirmed when investigating the last annealing step. After an ad-
ditional 20 min at room temperature, most of the cluster material is decayed as the reduced
overall frequency of the histogram suggests. However, one peak at 1.3 nm remains, which
vindicates the continuation of the previously mentioned cluster height evolution. In conclu-
sion Agss clusters can rearrange into a particularly stable configuration with an average height
of 1.3 nm on a Ce surface. Other configurations with heights of 1 nm and 1.5 nm occur. How-
ever, with more energy for atomic rearrangement available, only the supposedly most stable
configuration with a height of 1.3 nm remains. Other experiments suggest that a successive
prolonged annealing at room temperature would have caused a decay of all remaining clusters
[123].

At a first glance Agos seems to behave quite differently to Agss on Ceo/Au(111). In figure
2.20 the respective histograms of Agoes are shown. This cluster size experienced the exact
same annealing steps as Agss because both were located at the same sample. The difference is,
however, mostly a perceived one. After the first annealing step at 200 K, the histogram shows
a shoulder at 1 nm. This can be interpreted as being the same configuration that caused the ad-
ditional peak in the case of Agss. The only difference is the lower relative frequency of the ad-
ditional peak for Ages clusters. The broadening of the histogram suggests that a peak at
1.3 nm is forming but merges with the main Agos peak (1.5 nm). Thus peaks at 1 nm, 1.3 nm
and 1.5 nm are evolving for Agos. After annealing the sample for an additional 1 4 at 250 K,
the behaviors of Agss and Agos start deviating. The latter still shows the semi stable height of
1 nm but adopts several different configurations of multiple heights, non of which seem to be
favorable to another. Even after 20 min at room temperature a similar accumulation of
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Figure 2.19

Cs/Au(111) initially and after annealing.

Cs/Au(111) initially and after annealing.
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2.1.4.2 Annealing of Agss and Agi13s on 1 ML Ceéo/Au(111)

Both cluster sizes were located on the same sample so that they experienced the same anneal-
ing steps. In contrast to previous annealing experiments, this time the sample was only an-
nealed at room temperature two times for 15 min.
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Figure 2.21: Height histograms of Agg on 1 ML Figure 2.22: Height histograms of Ag;;s on 1 ML
Ceo/Au(111) initially and after annealing. Ceo/Au(111) initially and after annealing.

In figure 2.21 the upper most histogram shows the unaltered height measurement of Agss
clusters on 1 ML Ce/Au(111). Similarities to previous experiments are instantly visible after
annealing at room temperature for 15 min. Three peaks are emerging at 0.9 nm, 1.3 nm and
1.6 nm. With slight variations they correspond to the three peaks of both Agss and Ages men-
tioned in chapter 2.1.4.1 on page 65. An additional annealing at room temperature for 15 min
seems to cause a greater variation of heights. However, the lower overall amount of clusters
counted compared to the previous annealing step hints rather to a statistical effects.
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The upper most histogram in figure 2.22 shows the unaltered height measurement of Agiss
clusters on 1 ML Cso/Au(111). After annealing the sample for the first time at room temperat-
ure for 15 min an additional peak at 1.3 nm appears. In contrast to Agss and Agss the peak ex-
pected around 1 nm is completely missing. This changes, however, after annealing the sample
again at room temperature for 15 min. Now all three peaks are detectable. It seems that
clusters tend to form peaks first that are near their original height. The distribution of heights
for the last annealing step of Agiss (2x15 min RT) confirms this: The peak around 1.65 nm
(original height) is largest, a peak around 1.3 nm has an intermediate cluster count while the
peak at 1 nm is smallest.

2.1.4.3 Annealing of Ags2 on 1 ML and 2 ML Ceéo/Au(111)

The sample system, described in section 2.1.3 on page 61, encompasses Ags:, Agss and Agss
clusters. However, only Ags, was further investigated due to the limited time available and the
fact that only the Ags, deposition area showed larger amounts of 2™ monolayer islands. This
time the sample was annealed twice at room temperature for 15 min and 26 min, respectively.
Only after the first annealing step, data was sufficient for the evaluation using a histogram.
Figures 2.23 and 2.24 show the sample after the annealing steps. The cluster coverage density
on the 2™ monolayer did not change noticeably while almost all clusters on the 1% layer disap-
peared as a comparison to figure 2.14 shows.

On one monolayer Cso Ags: behaved in accordance to Agss. Again three peaks are observ-
able in figure 2.25 with associated heights of 0.9 nm, 1.2nm and 1.5 nm. The green curves il-
lustrate enveloping Gauss curves for the heights of the three occurring cluster configurations.
The same has been done for clusters on the 2™ monolayer after annealing the sample for
15 min. The histogram in figure 2.26 shows in contrast to that of the 1* monolayer only two
peaks. The lower one corresponds to the original height of about 1.3 nm while the other one
displays with 1.7 nm a slightly larger height than on 1 ML Cs. While both peaks seem to be
slightly shifted when comparing the 1% and 2™ monolayer, they can non the less be thought to
represent the same cluster configuration. Minute differences in electronic behavior, changes
in tip state or variations due to statistical effects can cause the observed shift.

As mentioned in the beginning of section 2.1.4 on page 63, cluster decay is expected on
the 1* monolayer while no cluster material is expected to disappear on the 2™ monolayer. Ob-
viously an additional process to decay takes places as the additional height peak on the 2™
monolayer suggests. S. Duffe theorized that a process called Ostwald ripening [155—-157] may
be responsible for the emergence of higher structures [123].
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Figure 2.23: STM image of Ags, on 1.5 ML Figure 2.24: STM image of Ags, on 1.5 ML
Ceo/Au(111) after annealing for 15 min at RT. Ce/Au(111) after annealing for 41 min at RT.
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Figure 2.25: Height histogram of Ags, on 1 ML Figure 2.26: Height histogram of Agg on 2 ML
Cs/Au(111) after annealing for 15 min at RT. Coso/Au(111) after annealing for 15 min at RT.

Ostwald ripening is responsible for the disappearance of smaller particles in favor of larger
ones. At a given temperature single atoms can gain a varying amount of kinetic energy, the
amount of which is governed by probability and the total thermal energy available in the sys-
tem. Atoms in small particles are only weakly bound so that just a small amount of kinetic en-
ergy is needed to free the atom. The opposite is true for large particles. Atoms are easily in-
corporated but tend to stay fixated on the compound. Because a thermal microscopic environ-
ment is governed by statistical processes, incorporation and dissolution takes place in
particles of all sizes. In a statistical average a shrinking of smaller and growing of larger
particles is observed (see figure 2.27). However, this explanation does not fit the observed
heights for clusters on the 2nd monolayer for the following reasons:
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1. In the case of Ostwald ripening one or multiple heights significantly smaller than
the original height should most likely be observed. For Ostwald ripening to take
place, Ags: clusters would have to loose atoms, which causes them to show a re-
duced height. Note that in figure 2.26 no heights much smaller than the original one
are present.

2. The cluster coverage density did not change significantly after annealing on the 2™
monolayer Cs. However, a decrease is expected because in the case of Ostwald
ripening a disappearance of smaller structures should occur.

3. The diffusion barrier for particles on Ceo is quite large compared to other substrates.
It is questionable if atoms gain enough energy to leave the cluster (typically
2-2.5 eV, see figure 2.18 and DFT calculations in [149]) and move unhindered over
the surface.

B Coalescence

[} Ostwald ripening

Figure 2.27: Tllustrations of a typical coalescence process (a) and Ostwald ripening (b). In the case of
coalescence two particles of similar size come in contact and form a new larger compound by fusing. In
the case of Ostwald ripening smaller particles loose atoms over time, which are incorporated into larger
ones until only the larger particle remains [158].

A rearrangement of atoms within the clusters seems to be a more likely cause for the ap-
pearance of an additional cluster size than Ostwald ripening. Less energy is needed to reposi-
tion the atoms of a cluster than removing them entirely [149]. This leads to the conclusion
that at least mass selected Ags, clusters have no energetically optimal shape when soft landed
on a Cy surface. They seem to adopt an arrangement with a larger measured height when they
are allowed to optimize their internal chemical bonds. Further experiments under different
conditions, described in the next section, were conducted to gain a deeper inside in the pro-
cesses at work.

2.1.5 Ag Evaporated onto Ceo/Au(111)

In addition to mass selected clusters, silver was evaporated onto an Au(111) surface function-
alized with several C¢ monolayers. While the amount of mass selected clusters can be simply
determined by counting their number, evaporated silver reaches the sample as single atoms,
which have to coalesce before forming small islands. Thus their amount is estimated by frac-
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tions of a single monolayer silver that would cover the surface. In all experiments 0.5 ML sil-
ver was evaporated onto the surface, which resulted in a great number of well separated,
small silver islands.

This experiment aimed at comparing the behavior of islands self assembled directly on a
Ceo surface to clusters mass selected and deposited by soft landing. With a low temperature
surface, mass selected clusters keep their size entirely while evaporated silver forms new, lar-
ger structures. To get a clear picture of the similarities and differences, the height of the con-
sequently formed islands was investigated by STM, both at 77 K and after annealing the
sample at several higher temperatures.

The evaporation procedure will not be explained here. A detailed description can be found
in [159]. When the silver atoms reach the surface, they have a high movability due to their
thermal energy. Thus they automatically form islands preferably on edges of Ceo layers or de-
fects on the surface. With a clean sample, however, most islands grow in a random pattern on
the whole C¢o area. Note that the sample temperature has a great influence on the ability of the
forming islands to reach a state of equilibrium. In these experiments the temperature during
evaporation was <50 K while the following measurements took place at 77 K. The repercus-
sion of this choice will be examined in this section.

2.1.5.1 Preceding Experiment

The experiment described in this section was preceded by an earlier very similar experimental
setup. The main differences lay in the amount of Ce, which was 1.3 ML in the preceding ex-
periment, the length and temperature of the annealing steps and the overall statistics of the
analyzed clusters. In [123] and [143] a detailed description of these experiments can be found.
Note that the preparation procedure, which involves evaporation, scanning with STM and an-
nealing, are almost identical to later experiments. Of special interest was the behavior of the
evaporated material on the 2™ monolayer Ce because clusters as well as evaporated silver de-
cayed on and formed silver islands below the first Ceo layer.
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Figure 2.28: Histograms of 0.5 ML grown Ag clusters evaporated onto 1.3 ML Cg/Au(111) and
measured on the 2" ML Cg. The sample has been annealed in several steps. A continuous change of the
cluster material to larger structures with a lesser amount of different heights is observable [123].

As the height measurements conducted with STM show, grown clusters can also be con-
sidered stable on the 2™ monolayer in contrast to the 1%. Even after 14 days at room temperat-
ure no material seems to have disappeared (see figure 2.28). Furthermore annealing the
sample for 45 min at 215 K causes first rearrangements of the silver atoms. With a broadening
of the histograms, the occurrence of multiple semi stable structures seems plausible. This is
further emphasized by the following annealing step, which cause the emergence of two stable
heights. The larger one at 1.7 nm dominates at first but reaches an equilibrium with the smal-
ler height at 1.3 nm after 14 days at room temperature.

2.1.5.2 New Experiment

Due to the rapid decay of silver clusters on the 1* monolayer, the experimental setup was
modified in order to get larger 2™ monolayer islands of Ce. Thus the amount of evaporated
material was increased to 1.6 ML Ce. Note that an even larger amount could have comprom-
ised the experiment because uninterrupted layers prevent the experimenter from unequivoc-
ally distinguishing the 2™ from other layers. The following experiments were conducted with
the involvement of K. Mende and some of the results can be found in his diploma work [160].
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.
.

altered. A magnification (upper left corner) shows a structure probably consisting of Cs considering the

histograms (right) for several annealing steps. For 1 4 at 520 K the sample surface was significantly
average height. Up until annealing for 1 /4 at 350 K two heights of 1.3 nm and 1.6 nm emerge.

Figure 2.29
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Initial measurements of silver islands directly after evaporation were compromised due to
unfavorable tip states. Despite of that silver islands were shown to exist so that no further at-
tempts to improve the measurement conditions followed. This has been done with the fact in
mind that the preceding evaporation experiment already provided data for that special case. A
further annealing for 8 days at room temperature followed in order to directly compare the
results to the preceding experiment (see figure 2.29). In accordance to the preceding experi-
ment two heights emerge. The main peak represents the first at 1.3 nm. The second height is
indicated by a shoulder at 1.7 nm and less developed than expected. However, with 8 days
this sample was annealed for a significantly shorter time than the comparison sample (14
days). Furthermore environmental conditions vary, considering differences in the exact com-
position of the Cqo layers or silver evaporation temperature.

In contrast to the preceding experiment, the sample was also annealed above room temper-
ature in order to detect possible differences in the behavior of silver structures. Thus the
sample was annealed to 315 K for 1 4. Now the second height, previously only indicated by a
shoulder, is represented by a clear peak in the height histogram at 1.6 nm. This hints to a fur-
ther more complete rearrangement of the silver atoms on the Ceo surface. Less desirable struc-
tures disappear in favor of only very few exceptionally stable arrangements with identical
heights. After further annealing the sample at 350 K for 1 % both heights at 1.3 nm and 1.7 nm
are represented by two peaks with similar frequency in the histogram. A further narrowing of
the distributions is also observable. This result is similar to the 14 d annealing at room tem-
perature. It is therefore conceivable that higher temperatures, at least up to 350 K, do not alter
processes observed at room temperature but instead just accelerate them.

In a final annealing step the sample was heated to 520 K for 1 4. As seen in figure 2.29 a
completely new arrangement appears. However, the height of the structures indicate that sil-
ver has completely disappeared from the surface or is at least not detectable. Instead small
clusters as well as islands seem to consist of Ce. With a height of 0.8 nm they roughly fit the
size of Ceo fullerenes.

2.1.5.3 Silver Rearrangement Processes

The described experiments raise the question, which processes are responsible for the ob-
served height evolution. As mentioned before, silver clusters mass selected and deposited
onto a 2" monolayer Ce surface are stable even at room temperature. Therefore a decay of
the grown clusters through both of the two Ceo layer is not probable.

Instead two main processes may govern the cluster size evolution for evaporated silver.
Coalescence (see figure 2.27 on page 70) had to take place directly after evaporation. Single
atoms on a Ce surface are energetically less favorable than larger compounds that can reduce
their internal energy by forming covalent or even metallic bondings. The second process, Ost-
wald ripening, has been discussed before in section 2.1.4.3 on page 68 and was deemed un-
likely to occur for mass selected clusters on Ce even at room temperature. Note that in the
following discussion for evaporated Ag both Ostwald ripening and coalescence are con-
sidered due to an observed reduction in cluster coverage. This discrepancy in the behavior of
mass selected and grown silver clusters will be discussed at the end of this section.
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The height of a cluster is the only information regarding its shape that the STM measure -
ment can normally deliver. Lateral information is not available for small structures because of
the broadening of imaged objects due to the tip shape. However, several experiments hint to a
non-spherical cluster shape. Investigations of mass selected clusters indicate that deforma-
tions are quite common. This is reflected by the observation that a sudden cluster height
change occurs if the amount of atoms in the cluster is increased above a certain level (see sec-
tion 2.2 on page 80). This can be explained best by a flattening or stretching of the cluster
governed by the strength of the cluster-surface interaction. It has also been observed by J.-G.
Lee et al. that clusters, grown by evaporating silver onto a graphite surface at 950 K, are not
only flattened but retain a certain height-to-width ratio regardless of their size as figure 2.30
illustrates. This is the case while the particle undergoes a sublimation process that causes the
cluster to completely disappear after 125 sec using high resolution electron microscopy as
method of measurement [161].
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Figure 2.30: Visualization of the sublimation of a silver cluster on graphite using high resolution
electron microscopy (left). Schematic depiction of a silver cluster in the process of sublimation (right).
The height-to-with ratio stays fairly constant during that [161].

The clusters on a Ceo surface are most likely flattened due to the interaction with the sur-
face. It is expected that a cluster will adopt the shape of an ellipsoid because it delivers both a
compact form for reduction of internal energy and a reduced height in order to move the
atoms it exists of closer to the surface.

2.1.5.4 Cluster Shape Model

A cluster shape model for silver on a Ce surface has already been developed in the context of
the preceding experiments [123]. An important assumption of this model was a
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width-to-height ratio independence of temperature and cluster size. With this assumption a
decrease of cluster heights is only possible if clusters are able to decay. While this is justified
for some substrates and temperatures, experiments showed that clusters did not decay on 2™
monolayers of Cso/Au(111). Furthermore annealing the sample above room temperature did
not alter the process but only accelerated it. Thus it is likely that a decay does not occur for
temperatures up to 80°C. Note that annealing the sample at 520 K is not included in either this
discussion nor the following evaluation because clusters and the Ceo film were clearly altered
to a point where unrelated processes dominated.

For a new cluster shape model, which delivers information on the width-to-height ratio of
a cluster, the amount of cluster material is now thought to be constant while shapes deviate.

Figure 2.31: Depiction of 4 possible cluster shapes on a surface [62,159]. Both faceted shapes (b,d) are
discarded because no facets were observed experimentally. The ellipsoid model (a) is used here.

Figure 2.31 presents a selection of four possible cluster shapes for clusters on substrates.
Example (b) shows a faceted octahedron. This shape was observed for clusters grown on sur-
face defects like nano pits [162]. Note that only clusters with more than around 1000 atoms
display facets [159]. The missing of facets in STM images exclude this model for the follow-
ing evaluation. Similarly a model using a cone as a basic shape (d) has comparable deficits,
especially because faceted clusters must be assumed. In contrast to that both ellipsoid cluster
models (a,c) fit the requirements for a moderately bound, not faceted cluster. For a given
width-to-height ratio a truncated sphere (c) and an ellipsoid (a) lead to similar cluster volumes
[62].

Considering the moderate cluster-surface interaction, the ellipsoid (figure 2.31, a) will be
used for the following computation of a width-to-height ratio. It allows a minimization of in-
ternal energy due to its symmetrical shape and incorporates the cluster-surface interaction
which leads to a flattening of the ellipsoid.
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Only the height is directly accessible by STM measurements. As mentioned before, the
width is not measurable and must be identified by different means. Under the assumption that
the known total amount of silver stays constant during the entire experiment, the combined
volume of all clusters can be computed from the given evaporation parameters. With the num-
ber of monolayers evaporated N,., the height of a monolayer /), and the total measured area
of the sample 4,, covered with silver, the total Ag volume ¥ can be computed by the follow-
ing formula:

V=Nl Ay 2.1)

With the given cluster model the volume V' is identical to the accumulated volume of all i
ellipsoids in the measured area. Note that silver reached the first monolayer but only the
second was evaluated on a fraction of the total area covered with silver. Therefore the volume
of the ellipsoid (red box) has to be increased according to the ratio of the 2" monolayer and
the total area 4,,,/4,, in the following formula:
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The height 4; of a cluster i is measured while the width w; can be replaced with the
width-to-height ratio x by using the equation w,=/,x in the above formula. By replacing
the volume with the parameters of equation 2.1, the following equation results for the
width-to-height ratio x:
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With Ny, =1.6 ML and 5,,=0.236 nm [122], only the area 4>, and the sum of all heights
are as yet unknown. The former can be determined by using the software WsXM where the
area of a certain height level in an STM image can be identified. Note that the total area A,
has not to be known and that the sum in equation 2.3 encompasses all measured cluster
heights. The width-to-height ratio x has been computed for both experiments and the different
annealing steps.

As figure 2.32 illustrates, three fairly constant values for x have been measured. The data
set of the first experiment displays a sudden shift in the ratio between 45 min at 215 K and
15 min at RT from about 2.5 to 3.5. So it is conceivable that at least at one point a significant
change in the width-to-height ratio occurred. After annealing the sample at 215 K both final
heights at 1.3 nm and 1.6 nm were not yet reached, as it is the case in all following measure-
ments. This hints to a rearrangement process of the cluster atoms that can only occur in ob-
servable time scales if a sufficient amount of thermal energy is available. Thus after exposing
the sample to room temperature, this process might have been completed so that no further
change in width-to-height ratio took place even at higher temperatures.
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Figure 2.32: Width-to-height ratio for several annealing steps. The first experiment (red circles) reveals a
sudden change in width-to-height ratio after annealing the sample at RT for 15 min. The second
experiment shows that the altered ratio stays unchanged for temperatures above RT. The deviating
width-to-height ratios of both experiments can be attributed to experiment related errors.

Note that the 2™ experiment was expected to produce identical results, at least for the ratio,
after annealing the sample for 8 days at room temperature. However, the ratio is with about 3
significantly lower than the expected value of 3.5. The fact that there is no further significant
shift in the width-to-height ratio hints to a systematic error. It is conceivable that the total
amount of evaporated silver is afflicted with several uncertainties. Note that both evaporation
time and temperature of the crucible have to be precisely controlled. A small deviation in
those parameters could alter the results in the observed fashion. Furthermore the silver cover-
age cannot be thought to be uniform on the entire sample. Both measurements may have been
conducted in the evaporation center so that an area close to the maximum coverage is meas-
ured, but said center can only be estimated. Another possible source of error is the quantifica-
tion of the size of the 2™ monolayer on any of those samples. While the latter may produce
slightly different results for varying layer geometries, it is unlikely to produce the deviation
observed. Note that the height change within the first experiment is not affected by these er-
rors.

It must be noted that there has been no distinction between the cluster types represented by
two distinct height peaks in the respective histograms. It is possible that a change in the
width-to-height ratio occurs and both cluster types are identical in their number of atoms.

With this in mind an estimation of the atoms a cluster consist of is possible. Because the
volume ¥V of a cluster and the specific height 4 are now known (using the computed ratio x in
equation 2.3), only the volume V, of a silver unit cell is needed. With a lattice constant of
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a=0.409 nm for silver [122], the following formula allows the computation of the amounts of
atoms N in a spherical cluster:
4_[n\
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With equation 2.4 a spherical cluster with a height of 1.3 nm encompasses about 70 atoms.
An equally high evaporated cluster consists of 750 atoms. A cluster with a height of 1.6 nm
consists of 1400 atoms. For the latter two values a width-to-height ratio of x=3.3 was used.

2.1.6 Discussion

Both evaporation experiments, conducted on separated samples with varying amount of
cluster material and Ce coverage, show that a flattening of the observed structures is most
plausible. The average width-to-height ratio of x=3.3 is most likely caused by the Ce under-
layment, which delivers a certain cluster-surface interaction that would favor an ellipsoid
shape. Note that the flattening for evaporated silver on graphite, displayed in figure 2.30, is
less distinct with a width-to-height ratio of x=1.4. The same ratio has been found for Ag.
cluster on HOPG measured with STM and TEM [163]. This is in accordance with the weaker
cluster-surface interaction of graphite, which does not favor a significant deviation of the
clusters from a spherical shape.

The emergence of two final heights (2=1.3 nm; h=1.6 nm) in both evaporation experi-
ments hints to particularly stable atomic configurations. Both heights also appear in the an-
nealing experiments using mass selected clusters. Using equation 2.4, a spherical cluster with
a height of 1.3 nm would consist of just 70 atoms. Note that a soft landed mass selected silver
clusters with 80 atoms also displays a height of 1.3 nm before annealing. This is in good ac-
cordance with a spherical cluster, which is very similar in shape because Ags, resembles a
partly formed icosahedron. Grown clusters consist of around 10° atoms on Ce at 77 K, as the
cluster shape model suggest. Despite an enormous difference in size both grown and size se-
lected clusters display the same heights after annealing.

Despite the mentioned similarities in both processes, a clear difference is apparent. In the
case of size selected clusters processes like coalescence and Ostwald ripening are excluded
while they play a major role in the evolution of grown clusters during annealing. This can
have several reasons. For once grown clusters usually display a higher coverage in the experi-
ments with the given evaporation rate, which most likely facilitates coalescence and Ostwald
ripening. This is also emphasized by the fact that the rearrangement seems to be quite ab-
ruptly concluded at room temperature. Note that in this case the cluster coverage decreases
significantly so that further coalescence might not be possible any more. Smaller clusters are
also present, which might gain sufficient energy for the atoms to leave the compound and
overcome the high diffusion barrier of Ce. Furthermore grown structures might be less stable
than mass selected clusters and thus have a greater tendency to loose atoms. Another aspect
that might have influence during the annealing involves C¢ fullerenes. Because they rotate
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without a lateral movement at room temperature, a dislocation of clusters due to this effect is
at least conceivable.

It may well be that the number of layers the cluster consists of is the defining factor for its
stability. The difference of both heights is quite similar to the height of a single atomic layer
with /,,=0.236 nm. So both cluster shapes may have a comparable stability but undividable
atoms force the emergence of two heights. The preference of a certain number of layers and
thus a specific height might hint to the existence and importance of so called quantum well
states (QWS) [164—169]. Because electrons can move quasi freely in a metal, electronic
waves can expand over the entire compound. The waves are reflected at the boundaries of the
cluster, resulting in standing waves. In large compounds like macroscopic solid bodies this ef-
fect is negligible. If, however, the size of the object is in the order of the Fermi wave length
Ar, which is about 1 nm, quantum effect become important [170]. Note that small clusters of a
few atoms might lack the needed metallic properties to allow delocalized electrons. For the
cluster size in question, in the order of 100 atoms, no conclusive picture of the electronic
structure exists as yet for clusters on surfaces. However, evaporated Pb grown in HOPG nano
pits, having a size in the order of 1000 atoms, have been shown to display QWS effects. They
appeared more frequent if the energy of QWS electron waves was distant from the Fermi
level [171]. This is plausible because these QWS have an overall lower energetic state and
thus display a greater stability [164,172]. This effect has been simulated by C. M. Wei et al.
for thin Pb films [173]. Their findings cannot be simply adopted to silver but a similar effect
was experimentally observed for it as well [174]. A layer dependent stability of clusters could
be a first hint to the influence of QWS effects.

A layer related effect is further emphasized by the observation of a possible height change
between the mass selected cluster sizes Agso (1.31-1.41 nm) and Agss (1.48 nm). A further
analysis of the the cluster sizes in question will follow in the next section.

2.2 Height Evolution of Agso-8s on 1 ML Ceo/Au(111)

Earlier experiments lead to the conclusion that clusters normally do not move on the surface
or loose atoms to the environment at sufficiently low temperatures while simultaneously be-
ing fixated on a Ceo film. Thus decay processes, coalescence and Ostwald ripening could be
excluded. Furthermore it was shown that the great majority of clusters stayed separated if the
deposited amount did not surpass a certain quantity. Some experiments hinted to a reshaping
of clusters that depends on the cluster size. This or as yet unknown electronic effects resulted
in a sudden change in height in the STM measurement.

The following experiments aimed at investigating the relevant region between Aggo and
Agss more extensively in order to validate the existence of a sudden height change with the
help of new measurement and evaluation methods.
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2.2.1 First Results

In early experiments we observed that certain measured cluster heights did not behave ac-
cording to calculations using a spherical cluster shape. Instead they tended to be of the same
measured height until a supposed sudden change took place. It was clear that the measured
height did not change dramatically for Agss, Ages and Agso. Agss and Agos, however, were ob-
served to be higher according to STM data. So in the case of lower clusters a height of about
1.35 nm was measured whereas in the case of larger ones a height of about 1.47 nm was iden-
tified. At that point the results were not conclusive because a lot of intermediate cluster sizes
were missing and measured heights of smaller clusters deviated noticeably. In addition to that
each size was deposited using a different sample so that the environmental conditions could
not thought to be identical.

To narrow down the relevant sizes, we decided to deposit Ags,, Agss and Agss in one row.
This time the new Movable Focus Lens (see section 1.5.2 on page 38) was used, which al-
lowed to deposit clusters in a tighter spot. It was therefore facilitating the creation of multiple
spots on a single sample. That way we could not only ensure that the same environmental
conditions were enforced but also that the tip and its respective state stayed similar.

The sample was prepared the way mentioned in the beginning of section 1.5.5.1 on page
47 to calibrate and test out relevant parameter of the new Movable Focus Lens. However, it
turned out that an entire half of the sample was free of clusters because the calibration had
been inaccurate. So the experiment, which this section is about, used the remaining space for
three additional deposition spots. Consequently the sample underwent much harsher condi-
tions because it was moved around in the UHV chambers and was exposed to elevated pres-
sures during both deposition procedures. It also stayed in STM for about 2 weeks during
which it could have been contaminated by adsorbates. This might be a reason for difficulties
discussed in this section later on.

Ags, Agss and Agss had been investigated two times up until this point. The first time, de-
scribed in section 2.1.3 on page 61, no MFL was used. Furthermore an inconclusive behavior
was observed where Agss was larger than both Ags, and Agss which contradicts the notion of a
sudden height change. However, as mentioned in the respective section, errors could not be
excluded, which invalidates the results to some degree.

Now three clearly separated and well positioned spots were created using the MFL. Figure
2.33 shows the respective histograms and gives an overview of the state of investigation. It is
noticeable that both Agz, and Agz: show low heights of 1.35 nm and 1.33 nm compared to the
larger Agss that displays a height of 1.39 nm. This indicates that a sudden change in cluster
height is indeed possible somewhere around Aggss. However, Agss is only 0.4 nm larger than
Agg, while Aggs 1s smaller than both Ags, and Agss. These results hinted to the expected height
change but were after all unsatisfying, especially compared to earlier experiments. For that
reason a new and more elaborate experimental setup involving the MFL and 9 separated de-
position spots was designed.
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Figure 2.33: Height histograms of Ags,, Agss and Aggs measured with the Movable Focus Lens (left).
Cluster sizes measured in multiple experiments (right). The blue curve displays theoretically predicted
heights following the height of a spherical cluster. Especially around Aggs measurements are inconclusive
as the scattering of similar heights shows.

2.2.2 Adjusted Evaluation of Cluster Heights

Normally the measured height, extracted from STM measurements, varies despite stemming
from a single cluster size. This is due to vibrations in the apparatus and different cluster ori-
entations on the surface as symbolically indicated in figure 2.34.
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Figure 2.34: Clusters on a Cg surface are usually positioned in the spacings between Cg, fullerenes (a,c)
while displaying multiple orientations with varying subsequent measured heights. It might also be
possible, but unlikely, that clusters are stable on top of a C4, molecule (b).

To solve this problem the data are normally presented in the form of a histogram which
bundles similar heights. This method has the disadvantages that a bin size has to be selected
which determines the amount of heights bundled into a single bar. This number is quite arbit-
rary and a visual inspection of the distribution is necessary to determine the correct settings.
Finding the maximum of a certain peak is therefore difficult due to the limited bin size. It
would be necessary to calculate an enveloping curve. This is, however, futile because the his-
tograms normally do not follow any simple mathematical formula. Several methods can now
be thought out to solve these problems.

To make full use of the quite detailed height information, the data must be bundled in a
more continuous way. For that reason a Perl script was coded that is able to associate each
height with a normal distribution or Gauss curve, respectively. This curve is determined by its
position, height and width. The latter is normally described by the value o, which is the stand-
ard deviation of a normal distribution:

2

(2.5)

The value u in equation 2.5 determines the location of the curve's maximum on the x-axis
and thus its position. Consequently a particular experimental height determines the position of
the curve while the width is a remaining free parameter. With the correct choice of o, which is
a value for the width, a histogram can be transformed into a continuous representation. The
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curve, resulting from added up Gauss curves, roughly behaves as if it would envelope the re-
spective histogram.
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Figure 2.35: Displayed are multiple randomly chosen heights broadened by Gauss curves with varying o.
With increasing o the curves start to merge.
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Figure 2.36: Comparison between a histogram
with a bin size of 0.01 nm and respective heights
replaced by continuous Gauss curves with
0=0.005 nm.

Figure 2.37: Comparison between the same
histogram as in figure 2.36 with a bin size of
0.03 nm and heights replaced by Gauss curves
with 6=0.02 nm.

Figures 2.35 to 2.37 clarify the concept. While figure 2.35 shows several curves that start
to merge with increasing width, thus with a larger o, figures 2.35 and 2.37 demonstrate the
working principle. The bars of the histogram in figure 2.36 are already less precise in showing
the position of the actual height than the normal distributions, which provide a more accurate
picture. This particular example, however, defies the purpose of a histogram because the giv-
en heights are not bundled. This is done in figure 2.37 by selecting a larger bin size so that
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several heights are represented by a single bar. Increasing the widths of the respective Gauss
curves provides a similar method of displaying the data. However, substructures are shown
more clearly. Note that the added curves might create the illusion of a large frequency while
the amount of data is actually quite low. For that a histogram might provide a clearer picture.

The meaning of the resulting curves can be interpreted in the following way: Every meas-
urement of a cluster has a limited accuracy. Thus each height is associated with an error so
that only a certain probability of displaying the correct height exists. By replacing a single
value by a normal distribution, this effect is taken into account. Thus a certain height is re-
placed by a larger number of heights and their occurrence is weighted by their probability of
existing. Adding up multiple heights results in the weighted curves described above. If they
are normalized, they represent the specific probability of a cluster with a certain height exist-
ing on the sample. However, the accuracy of this method heavily depends on the exact know-
ledge of the respective error associated with each height measurement. This value can only be
estimated and is influenced by many unknown factors.

In the next sections this method will be called summed Gauss curves (SGC). To reduce
the possible bias of the experimenter toward a certain result, the standard deviation of the
mentioned Gauss curve (o) is varied over a large range. This causes the blurring of substruc-
tures to varying degrees. In a second step the maximum height of the curve is identified. A
further increase of o causes the deviation from the mean value to be less prominent.

2.2.3 Simulation of Agso-ss on 1 ML Ceo/Au(111)

The deposition of Agso to Agss atom by atom faces certain difficulties. As mentioned in sec-
tion 1.5.1 on page 35, the cluster machine has a limited resolution. This means that in the case
of e.g. Agso a mixture of Agzx to Ags: clusters would be expected. The ratio of mixed in
clusters can be thought as behaving roughly Gaussian.

For simulation purposes a Perl script was coded that creates height histograms while sim-
ultaneously taking the limited resolution of the cluster machine into account. For that a modi-
fied Gauss curve for the ratio of mixed-in clusters is necessary:
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In equation 2.6 the standard deviation varies depending on the percentage resolution » and
the cluster size n that the cluster machine is set to. With this equation the ratio of a neighbor-
ing cluster size x can be determined. Note that » and x can only adopt discrete values because
cluster sizes change atom by atom. The prefactor 4 can be computed later by adding up the
achieved values and defining the sum as 100 % (see table 2.1).

Before giving a concrete example, the resolution » has to be determined. Figure 2.38
demonstrates the usually used method. Visible is a part of the measured mass spectrum. The
red line, which was calculated by adding up Gauss curves, shows a good accordance with ex-
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perimental data (black crosses). The standard deviation of each computed Gauss curve de-
pends on the respective cluster mass while the ratio r of standard deviation and cluster mass
remains constant. From now on the size distributions will be called Cluster Size curves or dis-
tributions (CS-curve/ CS-distribution).

Cluster current [pA]

0 . i . i " i . i : i i . i .
2350 2400 2450 2500 2550 2600 2650 2700 2750 2800

Cluster size [amu]

Figure 2.38: Cluster current measured for several cluster sizes (black crosses) during the adjustment of the
cluster machine. The red line shows the summation of several Gauss curves, computed to fit the
measurement; three of them are shown below. 2600 amu corresponds to a cluster size of about 24 atoms.

The evaluation showed that in this experiment a percentage resolution »=1.78 % existed.
As a concrete example Agss is chosen as a representative cluster size. Equation 2.6 can now
be used to calculate the ratio of several neighboring cluster sizes. The sum of all sizes consti-
tutes the total amount of deposited material. Note that the frequency of cluster sizes in the
beam tends to deviate. In the short interval between Agso and Agss, however, each cluster size
is about equal in occurrence. With the given resolution, the following cluster size ratios for a
deposition of Agss can be expected:

Cluster Agy,  |Agy  |Agy  |Ags  |AZy  |Agy  |Ags  |Ags | Age

Gauss value 0.033 10.147 10.426 [0.807 |1 0.807 10.426 [0.147 0.033

Percentage <1% 4% 11% 21% 26 % 21 % (11 % 4% <1 %
Table 2.1: Simulated distribution of deposited cluster sizes

The desired cluster size (in this case Agss) together with its two closest neighbors represent
up to about 70% of the total amount of cluster material. This may be sufficient for a rough es-
timation of the relevant sizes during deposition but for a detailed investigation other sizes
have to be regarded, too. An illustration of the Gauss curves with the respective cluster size
ratios is given in figure 2.39.
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Figure 2.39: Two distributions describing the occurrence of mixed in cluster masses. For the distribution
on the left the cluster machine is set to Agye, for the one on the right to Agg. The resolution is r=1.78 %.

The height change simulation uses Gauss distributions, which are modified according to
the relevant resolution as demonstrated above. It incorporates the next twenty smaller and lar-
ger clusters. As shown in table 2.1, every cluster size not being part of the simulation should
be well below any detection limit in the case of a real experiment.

In addition to that certain deviations in height are expected due to the limited accuracy of
an STM measurement, which has to be taken into account in a simulation. At this point it
should be noted that from now on there will be an additional kind of distribution, which does
not relate to CS-curves in any way other than being part of the same simulation. It simulates
inaccuracies during the STM measurement and while in reality being closer to a log normal
distribution, it is also nearly Gaussian due to the ratio of the average cluster height and the
standard deviation of the curve [175]. In the simulation Box-Muller transformation [176] is
used to create random numbers weighted by a log normal curve. From now on this distribu-
tion will be called Cluster Height curve/distribution (CH-curve/ CH-distribution).

With the limited resolution and broadening of the cluster heights due to STM measure-
ments taken into account, the simulation can be run. Now it is crucial to choose fitting para-
meters in order for the simulation to be as close as possible to the experiments. First of all the
total number of simulated clusters of a single size must be set. In the case of a typical experi-
ment this value can vary dramatically according to the number of individual STM images and
the clusters present. In most cases a few hundred clusters for a single size can be found. Un-
fortunately this number is normally not large enough to get a smooth and clear normal distri-
bution. To avoid the mentioned problem, 100,000 clusters were simulated for a single size.
The resolution of the cluster machine was taken from the experiment's mass spectrum and de-
termined by measuring the broadening of the peaks.
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Figure 2.40: Simulation of a mass spectrum comparable to those measured using the cluster machine (see
figure 1.28 on page 38). Each peak is generated by a normal distribution broadened by the given resolution
(1.78 % of cluster mass). Consequently peaks start to merge until they are no more visible. Several further
effects that influence the intensity are not considered.

Figure 2.40 illustrates that simulating an entire spectrum using a percentage resolution of
1.78% leads to a spectrum similar to that of figure 1.28 on page 38. The resolution is lost at
around =28 atoms. This phenomenon can also be used to determine the resolution. with the
relation »=1/(2r) (r=0.0178 being the percentage resolution). By analyzing the measured
spectrum of the height change experiment, the resolution of 1.78 % was determined. This
value multiplied with the number of atoms in the respective cluster is the standard deviation
of the CS-distribution whereas the maximum value 4 (see equation 2.6) can be derived from
the total amount of deposited clusters (100,000).

The distribution of heights in STM measurements depends on errors due to vibrations and
inaccuracies during scanning. The according standard deviation of the CH-distribution can
vary tremendously because of strong variations in scanning conditions and sample quality. In
this experiment the standard deviation of the CH-distribution was estimated to be 0.05 nm for
all cluster sizes and measurements.

The position of the maximum of the CH-distribution is of great importance because it de-
pends on the average cluster height of a measured size. To simplify matters, only two heights
were chosen to model the effect of a sudden height change. The lower number was set to be
1.37 nm and the larger one to be 1.48 nm. They were determined in reverse by running a
couple of simulations and comparing the results to the data from the measurement. After a
good accordance was achieved, the heights were kept for further analyses.

The last and most important step is the specification of the the actual cluster size, which
shifts in height. This proves to be of some difficulty because there are several candidates that
behave in accordance to the data. In addition to that it is not yet clear if the height change
even occurs after adding a single atom to a relevant cluster. It may well be that the effect is
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best described by a smoother transition of heights. However, a sharp transition was modeled
with Agg; being the first cluster on a step of larger heights.
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Figure 2.41: Simulated height distributions with a height change from 1.37 nm to 1.48 nm between Agg
and Agg,. The red dots show the average height of a simulated cluster size with a frequency of
100,000 counts. Black squares show the peak position of the respective distribution in a histogram with a
bin size of 0.02 nm. While the mean heights of the histograms transition smoothly between the heights due

to intermixing of cluster sizes, the peak value is less affected by this.

Figure 2.41 shows the result of the simulation. The black squares represent peaks in height
histograms. The new SGC method was not used because the simulated histograms provide a
sufficient frequency to avoid bin size related difficulties. The black line illustrates the trans-
ition, which takes place around Agsgs; a clear step is visible that indicates a shift in cluster

height.

The red rhombuses show the average height of a distribution belonging to a certain cluster
size. It is clearly visible that the red dashed line shows a much smoother transition than the
black one. This is due to mixing of different cluster heights near the step. As seen in the distri-
butions in figure 2.45 on page 93, the enveloping curve is not approximately Gaussian any
more but has a shoulder either on the right or left side. These shoulders indicate the lower
amount of another cluster height in the mix. In consequence the average height value is
altered accordingly.
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2.2.4 Measurement of Agso-8s on 1 ML Ceo/Au(111)

Agsoss cluster have been soft landed on 1 ML Ce/Au(111). The process of preparing Au(111)
1s described in more detail in section 1.5.5.1 on page 47. The subsequent evaporation of
1 monolayer Ceso onto the surface is described in section 1.5.5.2 on page 48. To enable stable
conditions for the clusters, the temperature was set to 77 K during deposition and measure-
ment.

We used multiple deposition spots on a single sample, which were created with the Mov-
able Focus Lens. For an STM measurement the usable space on the sample is limited by the
area the STM tip is able to reach, which is 5 x5 mm?. Because each deposition spot has a dia-
meter of about 1 mm, a distance of at least 1 mm between the spots is mandatory. To be save,
1.5 mm 1is usually chosen as a distance between two neighboring spots so that they do not
overlap and a minimum of 0.5 mm space void of any clusters is between them. This is true for
both directions so that a grid with 9 spots can be created, which occupies an area of 4 x4 mm?
while the relevant centers of the spots are expected to be found in an area of 3 %3 mm?. Thus
there remains a margin of about 1 mm in each direction in order to compensate for a possible
error in the positioning of the entire grid. Note that the relative positions of the spots are ac-
curate to about 0.1 mm while their centroid depends on the relative position of sample, thus
manipulator and ion optics. The exact coordinates shift depending on the temperature of the
manipulator, which influences its length, and the positioning of the sample inside its holder.
Both parameters were eventually identified quite accurately by using the information
provided by preceding experiments.

In this experiment 9 spots were positioned in a 3x3 grid with a distance to each other of
2 mm. With a diameter of 1 mm the spots were clearly separated as measurements in between
confirmed. Each deposition spot received a coverage of 10 pAmin. Thus it was expected that
the cluster coverage density was identical for all spots. A deposition process included varying
numbers of cluster sizes and spot positions. The deposition energy of each cluster size was set
to 3 eV. Only one manipulator bias vs cluster current curve was acquired for all 9 cluster
sizes. This proved to be sufficient as earlier tests confirmed.
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Figure 2.42: A 3D illustration of Agg, cluster on Figure 2.43: Agg, on 1ML Cg/Au(111). The STM
1 ML Cg/Au(111) not only shows the imaged  images are without major disturbances and show
shape of each cluster but also the structure of the  close to no foreign material.

Cyo surface. The image size is 134x134 nm”.

The scanning of the sample provided around 50 images in total. Normally this leads to
around three weeks of scanning. This can be considered the limit when facing problems like
unwanted adsorbates on the sample due to residual atoms and molecules in the vacuum in
combination with low temperatures. Consequently the frequency of clusters is lower than in
many previous experiments, which contained fewer deposition spots.

A major obstacle during measurement, especially if the accurate height information is of
paramount importance, is the continuous shift in tip states. This phenomenon, most often
caused by collecting cluster material and incorporating it into the tip, can strongly alter the
height measurement. Experience shows that there can be major changes in tip state. The very
first three images, which stem from measurements of Agsi, show very stable conditions, no
obvious cluster rearrangement occurred (see figures 2.42 and 2.43).

However, such a stable tip could not be kept for the whole experiment. Changing tip states
produced varying shifts in height measurement. Fortunately the tip state induced height
change proved to be much smaller than the crucial observed height step. Furthermore certain
strategies were thought out to prevent compromised results. First of all STM images of a
single deposition spot were not scanned in a row but in an alternating fashion. So we switched
back and forth between several spots. In addition to that larger cluster sizes were measured
just after measuring smaller ones and vice versa. Note that a height change was already ex-
pected around Agss so that this strategy was not based on pure guess work.
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Figure 2.44: Cluster sizes in the order and date they were measured. Cluster sizes with expected larger and
smaller heights have been measured in an alternating fashion. The zig-zag shape of the line illustrates that
Agg; and Aggs display a larger height independent of tip state induced height changes. At the position of
the vertical black line between Agg, and Ags, several measurements of smaller cluster heights took place,
which are not displayed here.

Graph 2.44 demonstrates that the measured height change is most probably tip state inde-
pendent. It shows several smaller cluster sizes between Agso and Agss in direct comparison to
the larger Agss and Agss clusters. Note that the x-axis shows the order in which the measure-
ment was conducted. The exact time, the images were scanned, is depicted beside the black
dots. A random shift due to changes in tip state would produce these results only in a highly
unlikely case.

We also made sure that the amount of measured clusters was large enough to marginalize
the tip state influence by means of sufficient statistics. That way changes in tip state were
much less likely to influence the real height change, which revealed itself after evaluating all
available images.

In the following evaluation the height of each cluster size was investigated both using a
histogram and the new SGC method described in section 2.2.2 on page 82. Theoretically the
measured distributions should show a Gauss curve (CH-curve) in analogy to the simulation.
This is not the case, mainly because the total amount of clusters for each histogram varies
between 250 and 800. In this case statistical effects make it difficult to extract anything but
the average height. There can however be hidden information in the height values. As shown
in the simulations, the distribution does not have to be symmetrical because of a mixing of
several cluster sizes. Furthermore coalesced clusters and adsorbates may produce multiple
peaks, which do not carry the desired information.
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are complemented by SGC curves with 6=0.02 nm (black line) and 6=0.1 nm (blue line).
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Figure 2.45 shows the respective histograms of simulating and measuring Agso-Agss. The
simulated histograms clearly show a very Gauss-like distribution for Agsi-Agss. Then a
shoulder is forming on the right, which is followed by a sudden shift of the maximum in the
case of Ags;. While the measurements are not as conclusive, a shift of the whole distribution
to larger values is also visible. The new SGC method is used to conduct a more detailed ana-
lysis of the experimental data.

Average heights, as well as the maximum value found with SGC, are plotted in figures
2.46, 2.47 and 2.48. As mentioned before, the broadening of the simulated distributions de-
pends on the value o. A wide range of values for ¢ has been used to compute the maxima of
several summed Gauss curves. Figure 2.46 shows the average height for several measured
cluster sizes. It is quite noticeable that the mean value shows a height change for Ags;. How-
ever, certain substructures in the height distributions and the small magnitude of the shift
complicate matters. The maxima of the distributions, computed with SGC with ¢<0.05 nm
(upper left box), evolve partly in accordance to the mean curve. The maxima for Agso-Agss are
invariably below the mean curve. Larger cluster sizes deliver no clear picture. For 6>0.05 nm
SGC maxima transition more smoothly towards the mean value. In addition to that most max-
ima are below the mean curve for Agso-Agss and above for Agg; and Agss.

For a further evaluation, a fitting ¢ must be chosen. Thus several values for ¢ have been
computed and the mean value was subtracted in figure 2.47. It is noticeable that the maxima
approach the mean value for larger ¢ as expected. However, lower ¢ display a more chaotic
behavior. This is not surprising because with a low ¢ substructures of a respective histogram
become more prominent. This can lead to multiple local maxima that only reflect unwanted
statistical effects. At some point though substructures are blurred and resolution related ef-
fects take over. With a very large value for o, even those effects are blurred so that effectively
mean values emerge. Figure 2.47 allows a quantification of those effects. With ¢=0.1 nm a
certain threshold seems to be surpassed. Chaotic effects disappear and the maxima approach
their respective mean values. Thus at this point the leaning of the measured data towards a
certain direction is modeled best while simultaneously avoiding certain errors.

In figure 2.48 6=0.1 nm has been chosen for the SGC maxima. The black round dots rep-
resent the maxima of the height distributions of several cluster sizes whereas the red rhombus
shaped dots represent the average value. The lines show the evolutions of those heights. There
are obviously similarities as well as differences to the simulated curves in figure 2.41 on page
89. First of all a sudden change in height is clearly visible around Agss. This is the case for the
SGC maximum as well as the mean value. Interestingly there is also a sharp dip for Agss. The
reason for that is not yet clear. It may be due to the changes in tip state mentioned before but
it could also stem from a hypothetical physical effect. Because the deviation may only exist
due to an unknown experimental error, the existence of Agss is only implied by a dashed line
in figure 2.48.
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Aside from the mentioned problems, the similarities between simulated and experimental
data is clearly visible. Thus it is highly conceivable that a sudden height change indeed takes
place for Aggs. This experimental result leads to further questions. First, there seems to be no
obvious reason that this particular size should show such a peculiar behavior. Second, the
magnitude cannot be explained easily, either. The following section will deal with these ques-
tions in more detail.

2.2.5 Discussion

There have been many observations of clusters in recent years that indicate a shape shift at a
certain point if the number of atoms is reduced or increased only slightly. However, this in-
formation has either been gathered from clusters in free beam or it stems from a purely theor-
etical approach. F. Furche et al. [177] for example observed a transition from a two dimen-
sional to a three dimensional shape when the size of a gold clusters reaches about 12 atoms.
Free beam experiments found similar results for gold [178]. Such a sudden shift in shape
could translate to a height change on a surface. Our experiments, however, were unique in re-
spect to a few key aspects:

1. The clusters consisted of silver instead of gold.

2. The clusters were soft landed on a Ce/Au(111) substrate. The presence of a surface
was a key difference to all free beam experiments.

3. The clusters were quite big in size compared to previous experiments, ranging from
Aggo to Agss.

The experiments revealed that a sudden increase in cluster height occurs for Ags; clusters.
Clusters with slightly less atoms display a height of roughly 1.39 nm, while Ags; and larger
clusters have a height of about 1.47 nm on the Ce film. Thus a height change of about
0.08 nm is detectable. Before discussing the magnitude of this effect, the cluster size at the
position of the height change will be analyzed. The size hints to a geometric effect. With 87
atoms an arrangement is possible where each shell atom has the same distance to a core atom.
The structure would encompass a total of 6 shells [179]. As shown in figure 1.3 on page 6,
surface independent Xes; shows an extraordinary stability possibly due to this geometric ef-
fect. The same argument might also apply to silver. It is conceivable that clusters smaller than
Agg7 are prolate due to the interaction with the Ceo surface. If, however, Ags; has a greater sta-
bility than its neighbors, a spherical shape could be favorable to an oblated one. This would
alter the bond lengths between atoms and thus allow a height change smaller than a single
monolayer.

As described in section 1.1.1.1 on page 4, some metal clusters, among them silver, are ex-
pected to form partly of fully formed icosahedra. With 87 atoms the cluster size in question is
not close to both neighboring geometrically magic cluster sizes, Agss and Agis7. Both differ by
just a single outer layer, and intermediate sizes have partly formed outer shells.
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Figure 2.49: Possible explanation for the observed height change measured in STM between Agg, and
Agg;. The graph shows multiple measured cluster sizes as black dots as well as the theoretical heights of
spherical clusters as a red curve. Measurements prior to this experiments are marked as crosses. The height
transition is emphasized by short black lines. Above are theoretical models of four magical cluster sizes
[180] of which two, Na;; and Nay,, are of special relevance in this context. Their respective position in the
graph is marked with red arrows.

Figure 2.49 shows free Nass and Nai4; clusters with fully formed shells [180]. Intermediate
sizes like Nas consist of a Nass cluster with an additional cap at one side. This is true for free
clusters but if a surface is added additional effects occur. Then this arrangement encloses the
possibility of basically showing the same height as Agss. This is not the case if the amount of
atoms is increased further. For Nao, an additional cap is formed, which makes it impossible
for the cluster to hide its size from an STM measurement by means of orientation. If silver
behaves analogous to sodium, the mentioned arrangement of atoms could explain the ob-
served height change between Agso and Agss at least partly.

The experiment shows no continuous transition but a sudden one. The data indicates that
only a few cluster sizes are involved in the actual height change. Obviously a massive atomic
rearrangement occurs around Ags;. With 0.08 nm height change, the effect is about a factor 3
smaller than the size of single atoms. There are, however, different explanations to account
for this discrepancy. It is assumed that clusters can be stable in different orientations on Ceo,
which may lead to deviating measured heights. This phenomenon is only countered by a large
enough number of scanned clusters, which would then average out these effects. If the height
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change only takes effect in one of the possible orientations, the difference would seem smaller
due to a mixing of the heights. However, this would result in the broadening of the distribu-
tions, which was not observed. More likely is a tilting of the cluster relative to the surface.
This way the height change effect would be effectively reduced.
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Figure 2.50: Nilsson diagram of the cluster energy as a function of its distortion parameter . With §<0
clusters are oblate, with 6>0 they are prolate (after [181]). In the upper right is a depiction of several
oblated and prolated clusters following the Nilsson model [26].

Changes in shapes and thus deviating measured heights can also be explained by electronic
effects. The Jahn-Teller theorem [182] suggests that spherical shapes for free clusters are
only favorable if closed electronic shells are possible (see section 1.1.1.2 on page 6). Figure
2.50 illustrates this effect. The electronically magic cluster size Ago [25] could consequently
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influence the resulting height. It is conceivable that the cluster tends to change from an oblate
to a spherical shape somewhere between Agz and Ago, due to electronic effects.

In addition to that electronic effects can have an influence on the tunneling conditions.
With a changing density of states, the probability of tunneling electrons is altered. Thus the
tunneling current changes, which causes the tip to approach to or retract from the cluster.
Consequently the height measurement is altered without there being any geometric change.

Finally unexpected deviations in the measured cluster heights must be discussed. In partic-
ular the significantly reduced height around Agss is peculiar. There could be indeed a single
smaller cluster size present surrounded by larger ones. This is, however, unlikely for the fol-
lowing reason: If a single size would indeed display a reduced height, the limited resolution
of the cluster machine would force an intermixing of that particular size. Because the neigh-
bors are indiscriminately larger, the mean curve should not display the same prominent dip,
which it does. Additionally the difference between SGC and mean curve does not change sig-
nificantly for sizes below Agss as visible in figure 2.47. Thus an error of some kind is the
more likely explanation.

Another aspect of some interest might be the RMS (root mean square) value of the distri-
bution. It provides information on the broadening of the curve. A mix of cluster sizes with
different associated average heights would increase the RMS value. This exact phenomenon
could be observed in the simulation.
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Figure 2.51: Evolution of the RMS value of simulated (black dots) and measured (red rhombuses) cluster
sizes with a height change from 1.37 nm to 1.48 nm between Aggs and Agg;. For the simulated data the
cluster frequency for each cluster size was 100,000 counts. The broadening of the curves due to intermixed
cluster sizes is clearly visible, especially near the transition point at Aggs/Ags;. The measured data,
however, shows an inconclusive evolution.

Graph 2.51 shows the simulated RMS value as black dots connected with a black line. The
respective histograms are shown in figure 2.45. Around Agss and Agg a significant increase is
visible. The experimental data, depicted as red rhombuses, however, shows an inconclusive
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picture. First, all height distributions are broadened compared to the simulation. This is not
surprising because external errors are excluded in the simulation. Second, the evolution of the
experimental curve follows no clear pattern. As mentioned before, multiple changes in tip
state had been detected. With sufficient statistics, constantly changing measured heights can
be averaged out so that the effect is diminished with increasing cluster count. The RMS value
on the other hand is heavily affected by this. Thus this particular evolution is likely to be error
related.

2.3 STS of Agss on 1 ML Ceo/Au(111)

In our case the standard method of investigating a sample system like Ag./Cso/Au(111), which
can be considered moderate in terms of cluster-surface interaction, is usually STM. However,
this device also allows the use of STS (Scanning Tunneling Spectroscopy) as a method of
gathering information on the cluster's electronic structure. A description of the sample system
can be found in section 1.5.5.1 on page 47 and section 1.5.5.2 on page 48 while the evaluation
method is described in section 1.5.6.3 on page 51.

Ag, clusters were deposited under soft landing conditions (see section 1.5.3 on page 42) on
an Au(111) surface functionalized with a single layered Ceo film and an average kinetic energy
per cluster of 3 eV. A special focus lay on small clusters, in this case Agss, Agss and Agiss, in
order to expand spectroscopy data already gathered for Agse and Ages. STS was performed
on single clusters while simultaneously taking Ceo spectra as reference. In contrast to most of
the other experiments, the sample was cooled to 5 K, which was achieved by filling the cryo-
stat of the analysis chamber with liquid helium. This was done in order to reduce thermal
drift, piezo non-linearity and creep [183], which is always mandatory in the case of an STS
measurement.

2.3.1 Experimental Results

Prior experiments were conducted by S. Duffe [123], while the later results can also be found
in the diploma work of N. Miroslawski [154]. During the course of the experiment about 150
clusters have been investigated using STS with about 20 spectra each. Every cluster measure-
ment was preceded and followed by around 10 Ce spectra. The exact number varied and de-
pended on the cluster as well as the substrate quality in the specific area. Note that it was very
important to measure spectra close to the center of the cluster. The fact that only the outer
most atoms of the tunneling tip contribute to the measured current enables such a precision.
However, a number of effects complicate the measurement and hinder reproducibility. Even at
5 K drift is not completely eliminated so that stopping the scanning in order to perform the
measurements, results in slight mismatches between the real surface and shown STM image.
Thus, the center of a cluster may not have been identified correctly. In standard STM images
(from 100x100 nm to 200x200 nm) this effect is only slightly noticeable, which is not the
case if it is scaled down to about 5 x5 nm.
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Figure 2.52: STS spectra of individual, different Agss clusters (left) together with Cg, spectra measured
before and after. Agss clusters that are depicted in the same color were measured with the same tip state,
as the respective Cg spectra suggest. The Agss spectra in the black box were extracted as useful results
with the analysis method described in the text and were used for further evaluations.
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The tip's shape has an even greater influence on the appearance of the imaged cluster,
which has been discussed earlier regarding the measured lateral size of a cluster compared to
the real one. Additionally clusters can be destroyed, reshaped or collected by the tip. How-
ever, all these effects can be either detected in the STM image or STS spectra. Thus an extrac-
tion of the useful results is mandatory, which requires a careful and critical analysis of the
data. Eventually the spectra were sorted, averaged and plotted in a waterfall diagram together
with their respective Ceo spectra for comparison.

Note that figure 2.52 only represents a fraction of the measured data. Both Agss and Agiss
did not deliver useful spectra and were thus discarded (data shown in appendix on page 156).
For each Agss spectrum there is a preceding and succeeding Ceo spectrum, which has been
used as a reference. In both figures the color coding has been used to bundle spectra measured
with an identical tip state. The latter has been identified by monitoring the Ceo spectra. The
disappearance of certain peaks or the shift of the entire spectrum in one direction indicates a
change in tip state. Note that for each presented spectrum several sub-spectra have been aver-
aged. If a single sub-spectrum deviated noticeably from the rest it was discarded. However, if
this was the case for several sub-spectra, they were bundled and plotted together with the re-
maining spectra, which showed a higher frequency. While this was not often the case, the ap-
pearance of such a phenomenon shows that even during a measurement cluster spectra can
change so that a very careful evaluation is mandatory.

As the blue spectra in figure 2.52 indicate, several clusters have been analyzed with a very
similar tip state. Note that the cluster spectra non the less deviate. This may be due to the dif-
ferent orientations of individual clusters on the substrate. Furthermore, as mentioned before,
the center of a cluster was not necessarily found in each case. However, the 4 spectra inside
the black rectangle display a very similar peak structure. Noticeable are two peaks slightly
above +2 e) and slightly below -2 el in all of the mentioned spectra. There is also another
superimposed peak in two of the spectra around 1.5 eV. Two peaks with similar distance from
the Fermi level, one above and one below, have been observed before in the case of Ago; and
Agso and lead to the conclusion of an energy gap emergent from the orbitals or band structure
of the metal. The Agss spectra, which were measured in this experiment, fit the previous ob-
servations. The spectra for Agss, Agso and Agoos are shown in figures 2.53 to 2.55. The meas-
urement process, as described above, is depicted in figure 2.56.

The energetic distance between the peaks in figures 2.53 to 2.55 increases with a reduced
cluster size. The peak at the negative energy axis might be interpreted as LUMO-orbital (/ow-
est unoccupied molecule orbital) and the peak at the positive energy axis as HOMO-orbital
(highest occupied molecule orbital). While this is a useful first approximation, the interpreta-
tion of the STS spectra is most probably not that simple as will be discussed in more detail in
the next section.
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Figure 2.55: STS spectra of Agss/ 1 ML Cq/  Figure 2.56: Example image of an STS
Au(111). measurement. Ago; clusters are visible on a Ceo

surface. Positions of the measured spectra are
marked blue.

2.3.2 Discussion

The electronic structure of small metal clusters can be described by discrete orbitals. At a cer-
tain size the orbitals must be replaced by continuous bands. Adding a single atom has tre-
mendous influence on small clusters, but the effect becomes less extreme as soon as the com-
pound gets bigger. So it is conceivable that between Agss and Agss the changes in electronic
structures are quite noticeable.
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Figure 2.57: A single Ag atom (left) usually has one electron in the s-band (red) and 4 pairs in the d-band
(blue). With an increasing number of atoms new orbitals are added while the energy gaps are reduced
(middle). With enough atoms the orbitals become so close that they form a continuous band structure
(right).

Figure 2.57 illustrates the transition of an atom with discrete orbitals to a metal with band
structure. Single orbitals increase their proximity to each other until the gaps are closed. The
interpretation of the peak structure in figures 2.53 to 2.55 as an energy gap that increases with
decreasing cluster size is thus justified. Further conclusions from the given data are, however,
problematic. Of importance is the fact that the earlier experiments used HOPG as an under-
layment for the Ceo film while Au(111) was used in the recent experiment. It is not clear how
this affects the measured electronic structure in detail. Furthermore the experiments are nor-
mally strongly influenced by the measuring probe, which is the tunneling tip in this case. As
mentioned in several other chapters, the tip has an unknown individual shape, which greatly
influences its local density of states. This affects of course the tunneling probability of an
electron, which in turn alters the electrical current and thus the measured spectrum. Just like
the tip, the cluster has a spatially deviating density of states. With the exact position of the tip
as well as the number of outer most atoms involved in the tunneling process unknown, a pre-
cise positioning cannot be guarantied. In consequence it can only be assumed that a slightly
altered density of states close to the top of the cluster has been measured.

Theoretical models by De Menech et al. [184] indicate that interpreting the gathered spec-
tra as distributions of densities of states is only partly justified. It seems that some states do
not contribute to the conductance so that STS spectra show a reduced number of peaks. This
effect of hidden states also strongly depends on the relative position of tip and cluster.
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Figure 2.58: Simulated STS conductance of silver clusters of different sizes on a graphite surface (thick
blue lines, left axis). Thin black lines (right axis) show the according simulation of the density of states.
Gs=2e¢7%h is the quantum unit of conductance. In STS many peaks are missing while most remaining are
reduced and only few are increased [184].

As illustrated in figure 2.58 clusters with varying sizes show a highly structured density of
states. While STS is able to reproduce some of the peaks, most are missing completely with a
reduction of the majority of the remaining ones. In some cases peaks can also be increased,
but this is a rare exception. Note that calculations were also conducted using a flat electrode
instead of a sharp STM tip. The results were noticeably closer to the simulated density of
states. However, creating such a probe would be highly problematic in an experimental sense.

Depending on the distance between cluster and surface, a complicated shifting of individu-
al peaks has also been observed. Note that the experiments described in this chapter use a Ceo
surface with an Au(111) underlayment. It is possible that the latter still interacts with a cluster
while different orientations of clusters on Ce alter the distance to the Au(111) underlayment.

These obstacles illustrate that an improvement of the experimental setup is mandatory. In-
creasing the quality of tip and STM precision would be an obvious task. Another approach
that addresses the problem of tip positioning while simultaneously providing additional data,
would be the complete mapping of a cluster. In combination with simulations, this might en-
able the quantitative identification of and consequent correction for many of the mentioned
errors.
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3 Experimental Results for Strong Cluster-Surface
Interaction

Strong cluster-surface interaction was investigated on three basic sample systems. In each
case mass selected silver clusters were deposited on free Au(111).

The first sample was also functionalized with Ce giving an insight in the behavior of
clusters on both an Au(111) and Ce surface. Several cluster sizes were deposited in a first at-
tempt to test the usability of the new Movable Focus Lens. In the rim regions of the sample
free Au(111) areas existed, and there Agss produced exploitable results for the investigation of
silver on Au(111). Thus the average cluster height was measured before annealing the sample
to 200 K, which resulted in the total decay of the clusters. In order to investigate intermediate
annealing steps, three additional cluster sizes were deposited on free areas of the same
sample, which resulted in the second sample system. In a third step a completely new Au(111)
sample was prepared without a Ce film. 9 varying cluster sizes were deposited with different
impact energies.

3.1 Agse on 1 ML Coo and Au(111)

First experiments focusing on Agss on Ce/Au(111) showed areas of free Au(111) at the rim
regions of the sample. Despite this being a side effect of lower Cso coverage at the rim of the
deposition spot, it gave a first insight in the behavior of silver clusters on a metal surface at
77 K.

Free Au(111) was first found on the sample system described in section 2.1.3 on page 61.
Ags, Agss, Agss and Agio where measurable but the biggest ratio of free Au(111) compared to
Ceo was found in the case of Agss. Thus the following investigations will focus on this particu-
lar cluster size. The average energy per atom during impact was 3 eV, while the sample's tem-
perature was kept at 77 K during and after deposition.

The first question concerning silver clusters on an Au(111) surface focused on their stabil-
ity. At this point it was not clear if the clusters had decayed, scattered or coalesced in any way.
It was known that clusters would keep shape and position when deposited onto Ces/Au(111)
under the conditions mentioned above. Thus a comparison of cluster densities between
clusters on Ceo/Au(111) and bare Au(111) could deliver first information on the stability of sil-
ver clusters on an Au(111) surface at 77 K.
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Figure 3.1: STM image of Ags on Ce/Au(l111)  Figure 3.2: Line profile marked in figure 3.1.
and on bare Au(111) . Deviating cluster heights are visible for different
layers.

Figure 3.3: Cohesive areas of Ce/Au(111)  Figure 3.4: Cohesive areas of free Au(ll1)
marked in blue. marked in blue.

Figure 3.1 shows an STM image of both Agss on Cs/Au(111) and Agss on bare Au(111).
The line profile in figure 3.2 illustrates that indeed different cluster heights could be observed
depending on the specific layer. In order to estimate the ratio of covered and free Au(111), the
respective areas have been marked blue and the total pixel content was counted using gimp
2.6 [185,186]. With the total pixel content of the whole image known, the respective ratios
could be computed. This was done by N. Miroslawski and more details concerning this topic
can be found in [154]. Figure 3.3 shows cohesive Ceo areas marked blue while figure 3.4 does
the same for bare Au(111). Figures 3.1, 3.3 and 3.4 show the same basic image. A counting
of the clusters on each of the areas revealed the following numbers:
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Agso on Au(111): 79.1/(100%100 nm?) + 10 %
Agss on Coo/Au(111): 75.1/(100x100 nm?) = 11 %

Both values are similar with respect to the given error. This shows that the number of
clusters on bare Au(111) was not altered by the deposition process or later effects. Thus a
scattering, coalescence or decay of the clusters can be excluded.

However, the height difference between clusters on both substrates hints to a reshaping of
Agss on bare Au(111) during or after deposition. The strong interaction between both metals
would suggest the formation of clusters of only a few monolayers height. Strictly speaking
the emerging structures would be better described as islands than as clusters. This distinction
is, however, avoided at this point in order to show their relation to mass selected clusters.
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Figure 3.5: 3D illustration of Aggs clusters on Figure 3.6: Histogram of Agg cluster heights on
both 1 ML Cg, and bare Au(111). Structures on  bare Au(111) (dashed red) and 1 ML Cg/Au(111)
Au(111) are distinctly smaller. (densely dashed green).

In the 3D depiction of figure 3.5 the different substrates are clearly distinguishable. The
Ceo layer on the top right is about 1 nm elevated and displays a rougher surface than the bare
Au(111) area, which covers the rest of the shown region. The height of both structures is also
very different. While clusters on Ceo are unaltered and thus have an average height of 1.39 nm,
the structures on Au(111) display two heights of 0.8 nm and 1 nm. Obviously under the given
circumstances at least two stable structures emerge. Because a reshaping always needs energy,
it must have happened either by deposition or storage at 77 K afterward. At this point the data
was, however, insufficient to draw further conclusions.

It is noteworthy that the STM images show no apparent broadening of the clusters on
Au(111), despite them being lower with the same amount of atoms. In addition to that both
the shape of clusters with and without a Ce underlayment cannot be visually distinguished.
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This can be explained by the influence of the STM tip. As mentioned in section 1.2.3.1 on
page 16, the appearance of the imaged structure strongly depends on the tip's shape.

3.1.1 Annealing Experiments

Cluster atoms always have the tendency to reach the energetically most favorable state, which
is also most stable. However, this state is often not reached under certain conditions because
thresholds like energy barriers prevent a further rearrangement of atoms. Thus the shape that
emerges mainly depends on the initial usable energy at hand. The sample's temperature was
kept at 77 K so that the equivalent thermal energy had a comparably low and constant value.
This aspect will be discussed in more detail at a later point.

Because temperature must be understood as a statistical process, even at very low temper-
atures, tremendous changes can occur given the proper time frame. Most processes, however,
become increasingly unlikely when 0 K is approached. But as later analyses will show, even
at 77 K alterations to silver clusters on bare Au(111) happen. A more extreme reshaping of the
clusters is observed when the thermal energy is increased. This annealing has been done by
exposing the sample to 130 K, 160 K, 170 K and 200 K for 1 / in each case. At this point the
needed temperatures and time for anything of interest to happen was only estimated.

After annealing the sample for 1/ at 130 K no visible changes to either the clusters on

Ceo/Au(111) or the clusters on bare Au(111) could be observed in the STM images. However,
the height distribution of clusters on Au(111) changed noticeably.
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Figure 3.7: Height distribution of Aggs/Au(111) at ~ Figure 3.8: Height distribution of Aggs/Au(111)
77T K. after annealing the sample 1 £ at 130 K.

While both peaks in figure 3.7 differ only slightly in height, the second peak in figure 3.8
associated with larger cluster heights is noticeably smaller. In addition to that the distribution
of figure 3.8 seems narrower, which hints to a rearrangement of intermediate structures to a
single shape with a height of 0.8 nm. The same can be said for clusters associated with the
second height peak. During annealing the additional energy enabled them to reshape into a
structure with the lower measured height of 0.8 nm. Thus clusters tend to reduce their height
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during annealing, which means that in consequence they are broadening if no atoms are lost.
This is a first experimental hint to a flattening of the clusters.

After additional annealing at 160 K for 1 4 visible changes in the STM images occurred.
Now the forming islands seemed to be broadened enough to be imaged by the STM tip, which
was itself too broad for a detailed depiction in previous measurements.
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Figure 3.9: STM image of Agg on Au(111) after  Figure 3.10: Line profile marked in figure 3.9.
annealing 1h at 130K and 1h at 160K. The line profile shows a partly flattened Agse
cluster.

X[nm]

Figure 3.11: STM image of Aggs on Au(111) after  Figure 3.12: Line profile marked in figure 3.11: A
annealing 1% at 130K and 14 at 160K. fully flattened cluster with the height of a single
Herringbone reconstruction is visible as thin  silver monolayer.

brighter lines.
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Figures 3.9 and 3.11 show STM images after annealing them for 1 /# at 130 K and 160 K.
Note that in the STM image of figure 3.9 the edge of a Ce layer is visible in the upper right
part. Four types of clusters transitioning into flattened structures can be seen (see number in
figure 3.11):

1. Clusters are seemingly unaltered and resembled the ones in previous measure-
ments. With several monolayers in height and an overall cone-like shape imaged by
STM, the lateral structure is still hidden from the observer.

2. The next type of clusters has not flattened completely but to an extent where addi-
tional monolayers of silver remain on top of the whole structure. They can be de-
scribed as having a bottom most Ag layer that is much broader than the remaining
layers on top of that.

3. In other cases two or more clusters close to each other merge so that their bottom
most layers became one. However, the remaining top layers stay separated and cre-
ate the structure marked with a line profile in figure 3.9.

4. A final type of cluster can be observed that forms 1 ML structures on Au(111). As
marked by the line profile in figure 3.11 and shown in figure 3.12, it has a height of
roughly 0.26 nm, which resembles a single silver monolayer (0.236 nm).

As indicated by the observation above, visible rearrangements occurred when the sample
was exposed to 160 K for 1 4. The respective energy content can help to determine the
threshold of the energy barrier that prevents reshaping of the cluster at lower temperatures.
This will be done at a later point.

In a successive step the sample was annealed an additional 1 4 at 170 K. The behavior of
the clusters followed the previously observed trend: They flattened further and less substruc-
tures could be seen. In addition to that certain 1 ML islands experienced a visibly greater
broadening than previously observed. However, detailed analyses showed that most of the
clusters that are reduced to 1 ML behave in accordance to the number of atoms they consist
of.

Because the width of a structure measured with STM normally cannot be used for a de-
tailed analysis due to the broadening of the the tip, the desired information is usually lost.
However, the area of any flat region can be regarded as being correctly imaged. Thus as soon
as a facet forms, the lateral information of the respective island can be extracted. Furthermore
a theoretical approach for getting the expected size of an island can be used. Both methods
will be entertained in the following paragraphs and the results compared afterwards.

Theoretically a single silver monolayer will arrange its atoms in an hexagonal close packed
lattice. Thus the island area, consisting of 86 silver atoms, will be as large as multiples of a
single unit cell.
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Figure 3.13: Schematic depiction of a silver monolayer (a). The total covered area is equal to the
summed area of all unit cells. One unit cell is depicted as a red parallelogram. Deviation of measured
width from actual width of the measured area due to the broadening of structures in the STM
measurement process (b). For evaluation the surface is digitally cut in half as the red line indicates.

As shown in figure 3.13, the needed unit cell is 2-dimensional and has a trapezoid shape.
With a covalent radius of 145 pm [122] the length of all sides of the parallelogram is 0.29 nm.
Thus the area can be computed the following way if the number of 86 unit cells is taken into
account:

A=86-(0.29 nm)*-sin (60°)~6.26 nm” (3.1

Experimental information could be extracted from the images at hand with the help of the
Cluster Evaluation Software (CES) mentioned in section 1.4.3 on page 34. The software was
able to find coherent areas on the sample and to associate them with the respective area in
nm?. The mentioned islands qualify as such. The rough position of any structure has to be giv-
en in advance by simply clicking on the object of interest. Analogous to cluster height evalu-
ations a histogram can be created, which contains the desired island areas. So it was not only
possible to identify the island area but also the overall size distribution.
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Figure 3.14: STM image of Ags on Au(l1l)  Figure 3.15: Line profile marked in figure 3.14.
after annealing at 130 K, 160 K and 170 X for 1 A, The line profile shows one or several coalesced

respectively. and fully flattened Agss cluster.
| Compute! I Evaluate! I

| Mass Evaluate! I Redraw |

m13.txt

x/y — height — area — Facet

43/ 339—0,2802—no value—35,35
316/ 383—0,2805—no value—19,3
41/ 83—0,2699—no value—11,84
495/ 236—0,7496—n0 value—5,5
423/ 132—0,5281—no value—4,84

Figure 3.16: Example of an CES image used for evaluation. The height information is presented as a
derivation along the scanning lines (left to right) of the original data and depicted in gray scale. Identified
facet areas are marked in blue color. The larger three areas represent 1 ML islands used for evaluation,
the smaller two that are outside the red box are examples of a possible evaluation of 2" ML clusters. The
left window shows certain values of the identified clusters.
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Several islands that formed out of former Agss clusters were evaluated. As shown in figure
3.16 not only 1 ML islands can be found but also larger structures. However, for the following
evaluations only the 1 ML islands are used. To estimate the area of a particular facet, all
pixels that are connected to each other and are higher than half the absolute height of the is-
land are counted. Figuratively speaking the islands are cut in half horizontally; the resulting
surface is then used to calculate the facet size. This was done because every island is not per-
fectly level so that adjustments like that are necessary. Of course this method may have pro-
duced errors, especially when the rim area of the islands is large compared to the rest of the
facet. However, the resulting values can be considered sufficient to clarify if clusters co-
alesced or lost material during the annealing process.
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Figure 3.17: Size distribution of facets of 1 ML  Figure 3.18: Height distribution of the same
silver islands taken from after annealing Agss  clusters/ islands shown in figure 3.17.
clusters on Au(111) at 160 K and 170 K.

Figure 3.17 shows a histogram of the measured facet sizes. Most of them amass around
7 nm*. Due to the limited frequency available, it is useful to exclude the facet sizes 20 nm?
and 32 nm?* that were obviously unusually large. For the rest, a mean value of 6.79+ 0.32 nm?
is identified. A direct comparison with the theoretically acquired value of 6.26 nm?* shows that
the measured one is larger than expected. However, given the nature of the measurement a
perfect match cannot be expected. Note that the method of evaluation tends to produce larger
areas than realistically exists as figure 3.13 (b) demonstrates. Due to the broadening of the
tunneling tip, the islands are not sharply separated from the underlying surface. While it is
theoretically possible to identify the beginning of the slope at the rim produced by the meas-
urement process, it is compromised by practical issues as already described above. However,
it is possible to estimate the error produced by that method with the following approach: The
slope of the imaged island at the rim regions produced by the tip is replaced by a straight line
with an estimated angle a=70° relative to the surface. Furthermore the island is estimated to
be perfectly circular, which would result in a radius of 1.41 nm. For the following analysis
Aay 1s the difference between the total measured area 4., and the computed theoretical area
Aueo. The value r represents the radius of a perfectly circular cluster with 86 atoms while d is
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the additional diameter of the added rim area. With half of the slope added to the radius, the
area difference produced by the measurement method amounts to:

2
Ay =r(r+d)—A,,=m141 nm+0'2§)ﬂ 626 =03Tnm*  (3.2)
- an «

In this simple analysis the area is measured 0.37 nm? too large. While this value might
serve as an approximation to demonstrate the orders of magnitude of the expected error, it is
by no means accurate. A circular circumference, for example, reduces the rim area of a realist-
ically shaped island. The slope at the rim produced by the imaging process might also differ
significantly.

Figure 3.18 shows the combined height distribution of 1 ML Agss islands after annealing
them at 160 K and at 170 K, respectively. Both histograms from figure 3.17 and 3.18 were
created using the same set of selected 1 ML clusters. They have an average height of 0.26 nm,
which is reasonably close to the theoretically predicted height of 0.236 nm for a single Ag
monolayer.

The height distributions of all occurring islands gives an overview of the morphological
evolution of the silver particles. While some of them formed 1 ML islands, most of them re-
tained larger heights due to additional layers. There is also a possible difference between the
two relevant annealing steps, 1 4 at 160 K and an additional 1 4 at 170 K.
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Figure 3.19: Height distribution of Agg clusters  Figure 3.20: Height distribution of Agg clusters
on Au(111) annealed 1 4 at 130 K and 160 K. on Au(l11) annealed 14 at 130 K, 160 K and
170 K.

The histograms of figure 3.19 and figure 3.20 are not directly comparable. The amount of
clusters counted in both cases is very different as the frequencies indicate. However, espe-
cially additional heights at around 0.25 nm are much more prominent in figure 3.20 than in
figure 3.19. This leads to the conclusion that after annealing at 160 K most remaining struc-
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tures have a height of about 0.5 nm or 2 ML silver. After an additional annealing at 170 K
more clusters lost their top layer and formed single layered islands.

Note that the following annealing experiment took place before annealing clusters on a
second sample system at 130 K, 160 K and 170 K. It is presented here for logical reasons, not
because of the chronological order. In this step the sample was annealed at 200 K for 1 4. This
resulted in a total structural change within the clusters. While after deposition at 77 K mul-
tilayered islands were visible (see figure 3.5 on page 108), only small remnants can be identi-
fied on the Au(111) surface after 1 h at 200 K.

Figure 3.21: STM image of Agss clusters after annealing them at 200 K for 1 4. On the left an overview
with additional Cg, areas is visible that still contain clusters. However, the selected area shows an Au(111)
surface, which is magnified and shown on the right. Only structures lower than a single silver monolayer
are visible.

It is probable that most of the cluster atoms were detached from the compound and moved
over the surface until reaching Au step edges. A comparison of several energy barriers, which
have to be surpassed, can be found in section 3.2.6 on page 128. However, figure 3.21 demon-
strates that remnants of clusters are still detectable. This can be explained by the formation of
an Agu-xAus-alloy. In [70] 3 ML silver were evaporated onto an Au(111) surface at room tem-
perature. With a successive annealing at 490 K both metals start to mix. After annealing the
sample at 590 K Au atoms dominate at the surface with less than 5 % silver in the top layer.

The formation of an alloy starts at 450 K as shown in figure 3.23, which is much higher
than in the experiments presented in this chapter. Here, the process seems to be concluded
already at 200 K. However, this discrepancy can be explained by the deviating amount of sil-
ver that is wetting the surface. The metal always tends to form coherent monolayer in order to
reduce its internal energy due to the formation of metal bonds. Islands formed from single
Agss clusters are expected to be much less stable than coherent Ag layers, which have orders
of magnitudes more atoms. The reduction of internal energy by the formation of a flat alloy
surface becomes less significant with each added cluster atom. Thus a temperature of 200 K
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in time scales of 1 # may well be sufficient to dissolve small silver islands but does not affect
coherent silver layers.

Note that the formation of an alloy is not concluded in the annealing experiments of this
chapter at 200 K. As figure 3.21 shows the cluster remnants are still visible while in [70] a
total dissolution of the silver in the gold underlayment takes place. It is conceivable that fig-
ure 3.22 only represents a progressed but non the less intermediate state.
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Figure 3.22: STM image of 3 ML silver on  Figure 3.23: Demonstration of the alloy

Au(111) after annealing the sample at 570 K,  formation process. The ratios of Au to Ag are

which resulted in an Au/Ag alloy [70]. shown for each layer. At 300 K both metals are
clearly separated, while they start to merge at
higher temperatures [70].

3.1.2 Energy Discussion

For later evaluations it is useful to estimate the energies involved in the formation of the ob-
served structures. Energy to rearrange atoms or break bonds comes only from three sources:

1. Kinetic energy from the impact.
2. Binding energy released during the initial contact between cluster and surface.
3. Thermal energy available during storage and annealing.

Both kinetic and binding energy are responsible for the deformation of the previously com-
pact cluster, which results in the measured reduced height of the structures. The direct com-
parison between cluster on Ce and bare Au(111) clearly shows these effects. Due to the fact
that the clusters have been measured for an extended period of time at 77 K, it is reasonable to
assume that rearrangements taking place at 77 K were already concluded when the measure-
ment started. Any further changes in the cluster shape must be attributed to the additional
thermal energy provided by the annealing processes. Note that the emergence of temperature
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is due to statistical processes. With this in mind the Arrhenius equation [187] is used in order
to estimate the energy necessary to cause a deformation of the cluster. It allows to calculate
the rate of events taking place in a system that is exposed to a certain temperature 7 for an en-
ergy E, per atom, which is needed to surpass certain energy barriers. Thus it can be used to es-
timate the minimal requirements for a cluster to change its shape.

E,

k=1/t"e " =  E=—In(kt') k,T (3-3)

In equation 3.3 % is the rate constant, //¢' the prefactor, 7 the temperature in kelvin, £, the
activation energy and k,=8.617 eVK ! the Boltzmann constant [61]. The value k can be set to
be 1/hour, because this is estimated to be the minimum rate of events needed for a noticeable
change in cluster shape within the duration of the annealing experiment. With the Debye tem-
perature @»=225 K of silver [122], the frequency at which atoms vibrate or move and thereby
the time interval between two interactions, can be estimated. This leads to time intervals of
t'=h/(ksOp)=2.1x10"sec [149]. Using these values an estimation of the activation energy E,
is possible.

Temperature 7 [K] 77 130 160 170 200 | 300 (RT)
Activation energy E, [eV] 0.23 0.39 0.48 0.51 0.60 0.91

Table 3.1: Estimation of the activation energy for a rate constant of 1 /"' at several temperatures.

As expected the allowed energy barriers increase with increasing temperatures as demon-
strated in table 3.1. Note that a room temperature (RT) measurement was not conducted in
this experiment. However, this is a frequent annealing temperature in many other experiments
so that it is included. In this special case the activation energy comes close to 1 eV, which is
of special interest for the stability of Ag clusters on Cso/Au(111) as discussed in section 2.1.4
and especially demonstrated in figure 2.18 on page 64. With 0.23 e} activation energy, 77 K
marks the other end of the spectrum. In most experiments the temperature was not lowered
further.

3.2 Ags5-Agia7 on Au(111)

The experimental results revealed an interesting opportunity to investigate the given sample
system further. Depositing several clusters sizes on bare Au(111) could be easily accom-
plished while the relatively simple metal-metal system enabled a theoretical approach by mo-
lecular dynamic simulations. In addition to that the deposition could not only be conducted
with different cluster sizes but also different impact energies. Thus a reshaping of clusters
could be observed depending on the cluster size and energy.

The following experiments were closely linked in design and investigation to the theoretic-
al approach used in molecular dynamic simulations (MD) and density functional theory
(DFT). An overview of both methods can be found in section 1.2.3.4 on page 20.
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3.2.1 Sample System

While earlier experiments allowed a first insight in the behavior of silver clusters on bare
Au(111), many questions remained concerning their concrete evolution on the surface after
deposition. To get further information on the cluster evolution, it was necessary to vary the
size of the clusters as well as their impact energy. Both factors were thought to influence the
arrangement of the clusters. To provide multiple deposition spots with individual size and en-
ergy parameters, the recently introduces Movable Focus Lens was used. With this device mul-
tiple spots can be brought onto the sample, which are clearly separated and precisely posi-
tioned.
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Figure 3.24: Deposition pattern used for the experiment; the cluster size is given in the upper left corner of
certain boxes while the spots, encompassed with a red dashed line on the right, represent Aggs clusters; The
deposition energy is shown inside of each box; The first Ag,,; deposition was accidentally mixed with Agss
clusters so that it was deposited again (lower right corner); black arrows between spots show the order of
deposition.

The Au(111) sample was prepared following the steps described in section 1.5.5.1 on page
47. Mass selected clusters were produced and brought onto the sample as described in section
1.5.3 on page 42 with an additional focusing and positioning using the Movable Focus Lens.
The precision of isolating a cluster mass was 1.7 % of the cluster size. The temperature of the
sample was kept constant at 77 K during deposition and measurement.
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A deposition pattern similar to that described in section 2.2.4 on page 90 was used. A de-
piction of the concrete pattern is shown in figure 3.24. Note that several cluster sizes and en-
ergies are also shown, which will be described in detail in the next section. In this particular
example the pattern is not quadratic but has an additional spot on the lower right side. This
has been done in several cases if errors occurred during the deposition and a step had to be re-
peated.

3.2.2 Experimental Procedure

A total of 9 cluster spots with a unique combination of cluster size and deposition energy
were brought onto the sample. The total number of clusters per spot amounted to 9 pAmin.
Cluster sizes and energies are presented in figure 3.24. Table 3.2 gives an overview of the
used parameters. Note that preceding experiments are also included, they are marked with the
experiment number 1 and 2. Experiment 3 is the one described in this section. Only experi-
ments are shown that produced usable data.

Cluster size [my,] | Impact energy [eV] | Temperatures [K] | Experiment number
82+1 3 77,200 1
84+1 3 77 |
861 3 77, 130, 160, 170 1,2
55+1, 80«1 3 77 3
86x1 1, 3, 15, 34, 150, 340 77 3
05+2, 14712 3 77 3

Table 3.2: Relevant deposition parameters. The cluster size is set by the mass selector and given as
multiples of silver masses (m,,) together with the expected error. The impact energy depends on the bias
applied to the manipulator. Temperatures, which a sample was exposed to, are either due to storage or
annealing. Coherent experiments have the same experiment number.

In contrast to preceding experiments the sample was not annealed in this case due to time
constraints and the fact that an extensive data set, especially for Agss, was already available.
The setting of the deposition energies follows the procedure described in section 1.5.3 on
page 42. As mentioned in the respective chapter, the kinetic energy distribution of a bunch of
clusters resembles roughly a Gauss curve. This is shown in figure 3.25 for this concrete ex-
periment. By applying a high bias, 1.e. -37 V, to the manipulator the entirety of the clusters
will reach the sample and thus shift the maximum of the distribution, which is in this case at
-3 V, accordingly. The difference, which is 34 eV, determines in consequence the average kin-
etic energy. In contrast to that a much lower kinetic energy complicates matters. Only a frac-
tion of clusters will reach the sample, marked in figure 3.25 by a dashed area for 1 el. The
centroid of this area is located at 0 V. With -1 J bias applied to the manipulator a kinetic en-
ergy of 1 eV results.
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Figure 3.25: Cluster current (bold black line) and derived current (thin red line) measured for different
biases. The derived line has been smoothed; it resembles a Gauss distribution. Black dots are measured
and derived currents. With a certain bias applied, i.e. -37 V, all clusters can reach the sample with an
energy of 34 eV (difference to the average energy of 3 eV). With 1 V applied only a fraction reaches the
sample. The respective cluster energy is estimated by the centroid of the dashed area.

The variation of the kinetic energy and thus impact energy of the clusters has only been
varied for Agss. The rest remained at the usually chosen 3 el per cluster used for soft landing.
This has been done because measuring Aggs produced the best results in terms of annealing
steps and STM image quality as well as cluster frequency in preceding experiments.

With this the lowest impact energy per atom was produced in the case of Agss at 1 eV,
which results in 0.01 el per atom. For Agss at 340 el the largest kinetic energy per atom was
produced. It amounted to 4 e} per atom. Thus a wide range not only of cluster sizes but also
impact energies could be investigated.

In the experiments each deposition spot was independently identified with the STM by po-
sitioning the tip in a certain pattern on the sample. Each image showed varying concentrations
of clusters. If a larger amount of clusters was found, the deposition center was thought to be
nearby so that the respective area was searched in a denser pattern. Each spot was surrounded
by an area void of any clusters so that a clear separation of cluster sizes and energies was en-
sured. In addition to that the spots were found to be positioned in the expected pattern illus-
trated in figure 3.24. The first deposition of Agi47 is marked with a dark gray color. It has been
compromised by accidentally depositing Agss on the same spot for 20 sec, which amounted to
an additional 1.7 pAmin Agss cluster in addition to the desired Agiss clusters. Because it was
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not clear how severe the effect of this error would be, an additional second spot was created.
Note that this spot, which is shown in the lower right of the schematic depiction of the
sample, could not be reached with the STM tip in its standard position. However, if the
sample is pulled out of its holder a few mm, the rim area becomes accessible for measure-
ment.

3.2.3 MD and DFT Simulations

Molecular Dynamic Simulations were conducted by 7. Jdrvi. A system consisting of silver
clusters equilibrated at 120 K coming in contact with a 77 K Au(111) surface was modeled.
Note that 120 K is an estimation for the temperature at which the clusters form in the cluster
machine. The initial shape of the clusters was modeled after structures from [188]. The im-
pact energies have been varied to mirror the experimental setup. The larger the chosen ener-
gies are, the larger the area relevant for the simulation has to be. Thus the lateral surface size
was set to be either 4.5x4.5 nm? with a depth of 2 nm for low energies or 10x10 nm? with a
depth of 10 nm for high energies. In the lateral direction periodic boundary conditions were
employed. At the bottom two layers were held fixed. For temperature control the Berendsen
thermostat [189] with a time constant of 100 fs was used. Thermal contact was enabled by
providing a lattice constant in the lateral direction and two additional layers for the bottom.
The clusters were randomly rotated and given an impact velocity. The simulation used
Finnis-Sinclair potentials [190,191] for inter atomic interactions. The simulation preceded un-
til no further evolution took place. In addition to that density functional theory (DFT) was
used to model the evolution of a single cluster in greater detail. In order to model the flatten-
ing of a single cluster, nudged elastic band [192-194] (NEB) calculations were used [195].

3.2.4 Results from Experiments and MD Simulations

With each deposition spot measured, sufficient cluster height statistics in the form of histo-
grams could be created. Other information on the cluster structure were due to the constraints
of the STM measurements not accessible. Simulated data on the same cluster sizes with their
respective energies were provided so that a direct comparison was possible.

Note that the experiments show a deviating frequency in cluster count, which is due to
slight deviations in cluster coverage density at the identified spots and due to STM image
quality. The frequency in the histograms stemming from simulated data is extremely low in
comparison. This is due to the fact that each individual impact must be computed separately
so that the computing time rises linearly with cluster frequency. This is, however, com-
pensated by the lack of any error, which usually deteriorates the measurement.



Agss-Agia7 on Au(111) 123

40 T

o
o

3B5E H C ]
30 F Ags H 40 Adgs H
%g F 3. eV : 30 [ 3eV H
15E simulation[{ 20 simulation{]
10 F B
5 3 10 A E
0 - - 60
50 H L 1
Agss %0 Aggs
40 | 1 40 F g H
30 L 3eV _ I 0k . 3eV I
3 20 [ experiment] 5 20 L < experiment|
c 0L ] S 1ol Bn@ l l ]
(] 0 () — N
> = 0
& 60 ; o % —
= 50p Adg, o FAG,.,, N E
L sf H I 25 X ]
ok i 3eV E 20 H3 eV 3
pond simulation 15 H simulation 7
10 OE E
g ] oF i ;
400 = 80 ~E
350 F H 70 H B
300 | < } Agao E 60 —Ag147 N 5 4
20t 1 3eV P SoH3ev N 3
150 | N experiment[q 30 Hexperiment N ]
100 | E 20 F B
50 [ N 3 10 F ﬁ 3
0 0
0.00 024 047 071 094 1.18 142 165 1.89 0.00 024 047 071 094 1.18 142 1.65 1.89
Cluster height [nm] Cluster height [nm]

Figure 3.26: Comparison of experimental and simulated height histograms for different silver cluster
sizes. In each case two most prominent peaks are visible. However, experimental histograms compared to
the simulation are shifted invariably 1 ML to lower heights. Despite of that most peak ratios of
experiment and simulation match. The experimental histogram of Ag,s; and to a lesser degree other sizes
show a shoulder that coincides with a peak in the respective histogram of the simulation.

As shown in figure 3.26, clusters deposited at 3 e} have two heights that appear with in-
creased probability. For some cluster sizes a third peak may be present but that is highly ques-
tionable due to the low amount of counts it is composed of. This will be discussed at a later
point in more detail. The ratio of the two heights with the larger associated frequencies is dif-
ferent for each deposition. Statistics play again an important role in the interpretation of those
deviations. There is also an obvious difference in average height in the experimentally gained
histograms. This can, however, be easily attributed to the difference in initial cluster size.

The simulated data, always shown together with the respective measured heights, shows
both similarities and differences. The emergence of two peaks is also visible as well as a
rough match in peak ratios in some cases. The main difference though lies in a an obvious
shift to larger heights. By compensating for that, a good match of experimental and simulated
data can obviously be achieved.

As simulations show the measured heights most likely resemble single silver monolayers.
Thus the numbers at the x-axis in figure 3.26 are multiples of 0.236 nm, which are the heights
expected if several layers of silver are stacked. Note that the fcc stacking order has to be taken
into account, which results in a reduced height compared to the actual diameter of 0.29 nm of
a silver atom. Obviously the simulated data fits very well, which is no surprise considering
that it used these parameters to begin with.
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While there is also a good match for the experimentally gathered heights of figure 3.26
with single silver monolayers, a preceding step enabling this has to be mentioned. For these
histograms each heights have been shifted 0.06 nm to lower values. This has been done in or-
der to correct for substrate related electronic effects, which are well known to cause devi-
ations in height measurement [196]. To correct for this, a theoretically predicted height using
multiples of single silver monolayers has been plotted against the measured heights associ-
ated with several measured peaks.

x  Ag(111) monolayer (measured)
f(x)=(1.01+0.02)ex+(0.06+0.01)nm
geometric heights
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Figure 3.27: Expected cluster height plotted against measured cluster height. The fit (red line) shows that
the layer distance evolves in steps of single monolayers. However, an offset of 0.06 nm must be taken
into account. The error bars, being small compared to other values, show the scattering of individual
heights.

Figure 3.27 illustrates that the measured heights are equal in distance, which in itself hints
to single layers. In addition to that the distance is almost identical to 0.236 nm, thus the height
of a single silver monolayer. Consequently the mentioned shift of 0.06 nm to lower values is
revealed. With these corrections in mind, the mentioned shift between experimental and simu-
lated data is identified to amount to exactly 1 monolayer.

Agss clusters deposited at varying energies have also been plotted together with simulated
data in the same way. The mentioned height correction, thus the 0.06 nm shift of all experi-
mental data, has also been done for the histograms in figure 3.28.



Agss-Agia7 on Au(111) 125

40 M A ] 20 F T T ]
30 H 198\6/ — 15 | AgBG B
20 .e . - 10 [ 34 eV 4
10 [Lsimulation ] 5L simulation| ]
0 ! 0 I i
150 | Ag,, b 300 Agy, 7
100 [-/1 eV - 1 200 34 eV ]
50 | expexrlment b 100 | experiment|
ol . 0 i [
30 1| Adg, b 15 Ady, b
2 20 |-|3 eV 1 > 10 150eV |1
qc) 10 [-|simulation 8 5L simulation|
g_ 0 ! g 0
100 H 3 o
Q sF Ay, 3 o 450 - Ay, ]
L 60[3eVv E L 300 - 150eV |7
40 | ; B -
experiment 150 | experiment]
20 F B lef
0 0
80 [ ! 4 35 F . —3
60 | Ay - gg E Ay, 3
40 [ 1_5eV _ ] %2: 340eV |7
20 [[simulation J 10 F simulation|
0 ‘ s SE . e
1 400 | 4
100 [ A%s i 308 F Ay, ]
15eV 200 L 340 eV 1
50 1 experiment 7] 100 £ experiment| |
0 0 . .
0.00 024 047 071 094 118 142 0.00 0.24 48 072 096 120 144
Cluster height [nm] Cluster height [nm]

Figure 3.28: Comparison of experimental and simulated height histograms for Aggs clusters deposited
with different kinetic energies. Similar to figure 3.26 some experimental heights are shifted 1 ML to
lower values with partly matching peak ratios (left). However, deposition energies between 34 eV and
340 eV (right) show some to no shift. For 34 eV and 150 eV one cluster type, represented by the larger
peak, is missing, which means that it is most likely shifted 1 ML to lower values. For 340 eV deposition
energy no shift occurs.

For low energies the same pattern as for different cluster sizes at 3 el deposition energy
emerges: The same amount of peaks with a shift of 1 ML between theory and experiment is
obvious. However, for higher energies starting at 34 el, the peaks begin to match. This
change in appearance does not happen suddenly but in a certain pattern. Agss at 15 e}V shows
still two peaks in the experimental data with very uneven frequencies. The same is true for the
simulated data, except that the peak associated with larger heights is only slightly detectable.
A shift in height of a single monolayer is thus still present. This changes though at a depos-
ition energy of 34 eV. The experiment produces a histogram with only one height peak while
the simulation shows two peaks. The same is true for 150 eV. Finally at 340 e} there is an al-
most perfect match between simulation and experiment. No shift in height occurs.

The experimental compared to the simulated results reveal a certain pattern. For low de-
position energies the measured clusters are shifted for as yet unknown reasons 1 ML to lower
values. With the assumption that the simulation correctly represents the state of the cluster
directly after deposition, a reshaping of the cluster on longer time scales has to occur if no
atoms are lost or gained in the meantime. Because the simulation does not only provide height
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information on the cluster but also exact internal atomic arrangements, the entire structure can
be analyzed. The experiments reveal that a flattening of the clusters occurs for high depos-
ition energies when at the same time experiment and simulation match. Thus an investigation
of the layer structure on a theoretical level seems reasonable.

©
o

T T T ' ' '
m  |ower cluster - top layer &5
80 loplaVEl lower * lower cluster - 2nd layer 7
| 2nd layer | cluster = higher cluster - top layer
70 | ) 4
@ higher cluster - 2nd layer
*
— 60 - 4
£
% 50 top layer B
‘o 2nd layer higher
N 40 | E 9 <
a | | cluster
4]
T 30 * :
—
20 L *

N
o
T

o

* ; 7]
86/ 1eV 80/3 eV 86/3 eV 95/3 eV 86/ 15 eV 86/34eV  86/150eV  86/340eV -
Cluster atoms/ impact energy

Figure 3.29: Layer sizes for cluster size and impact energy provided by MD simulations. The top most
layer, named fop layer, and the 2™ layer from the top, named 2" layer, are presented for both existing
cluster heights (higher and lower cluster). The red dashed line marks a threshold of 27 atoms, which
divides layer sizes in two groups. 2™ layers below that value loose their top layers in the experiment but
not in the simulation. 2™ layers above the threshold keep their top layer in both experiment and simulation.

Figure 3.29 provides an overview of the relevant layer structure of the several investigated
cluster sizes at different energies. Note that only the top most layer and the second layer from
the top, in the following just referred to as 2™ layer, are regarded for each occurring cluster
height. Because each histogram shows two most prominent peaks, a total of four layer sizes is
given for each cluster size and deposition energy. Not all cluster sizes are included in this par-
ticular graph despite behaving accordingly.

The top layer of the higher clusters is always fairly constant in size and consists of roughly
5 atoms or less. It is conceivable that statistical effects have a great influence on the observed
deviation. There is thus no energy dependent effect on this particular layer. The 2™ layer of
the higher clusters and the top layer of the lower clusters behave nearly identically. Note that
there would be no structural difference between those layers if the previously mentioned top
layer, consisting of only about 5 atoms, would not exist. This and the fact that this small top
layer is impact energy independent and is solely responsible for the emergence of a larger
cluster height, allows to disregard the higher clusters completely for the following considera-
tions.

In figure 3.29 the layer sizes of the lower clusters are marked with filled, black stars and
boxes. The top layers are fairly constant in size while consisting of around 10 atoms. This
means that they have on average a diameter of 3.6 atoms. For an impact energy of 150 eV it



Agss-Agia7 on Au(111) 127

gets slightly larger and encompasses about 20 atoms, which corresponds to a diameter of
about 5 atoms. This is not significantly larger but non the less noteworthy. For 340 e} impact
energy the lower cluster is identical to a single silver monolayer. Thus the 2™ layer would be
the substrate. Because the latter cannot be considered part of the cluster, it has been left out in
the graph. The 2™ layers of the lower clusters show the most interesting behavior. The size
stays fairly constant with around 20 atoms until an impact energy of 34 el is reached. The
layers start to broaden so that their sizes increase.

With a threshold of 27 atoms layer size, a distinction can be made that is reflected in the
histograms. It is marked in figure 3.29 with a dashed red line. Note that the value of this
threshold is arbitrarily chosen to make the following distinction. It has no known relevance
beside that. If the 2" layer size of the lower clusters surpasses this value, the same clusters ex-
perience no decay after deposition. In contrast to that a decay is consequently observed for all
energies up to 15 eV. For 34 e} and 150 el a decay takes place for the higher clusters, not for
the lower ones. As a consequence the higher clusters loose their top layer and both cluster
types become identical. This is reflected by a single peak in the histograms. Figuratively
speaking both peaks in the simulation histograms merge. The 340 e} deposition is a special
case but both the 2™ layers of lower and higher clusters are above the mentioned threshold,
which is reflected in the histograms by a lack of any height change.

In conclusion there is a strong correlation of the stability of a cluster and the size of any
second layer from the top. This means that the size of the underlayment for a small top layer
is decisive. If it is large, it stabilizes the top layer.

3.2.5 Results from DFT Simulations

Results from experiments and MD simulations do not match for lower deposition energies.
Consequently MD simulations are not sufficient to model the behavior of silver clusters soft
landed on Au(111). The following investigations revolve around Agss clusters. They were
landed on the surface with 1 e} kinetic energy and annealed to 325-425 K. At these temperat-
ures flattening was observable in MD simulations. The top layer disappeared after 3-200 ns.
With equation 3.3 on page 118 this leads to an activation energy of about 0.4 eV. For nudged
elastic band (NEB) a process was assumed in which the top layer of the cluster, consisting of
3 atoms, looses 1 atom over a decay pathway to the environment. This again resulted in an ac-
tivation energy of 0.4 eV, confirming the results of the MD simulation.

At 77 K an activation energy of about 0.25 el is possible for a decay with an annealing
time of 1 4. This is much too low to explain any decay at this temperature. Thus NEB within
density functional theory (DFT) was used by T Jarvi for a detailed analysis of a single Agss
cluster. In a first run it was calculated without a surface, the results being in good agreement
with MD simulations. Then the Au(111) surface was taken into account, which resulted in a
reduced overall energy barrier of only about 0.2 eV. The simulated decay process, for MD,
DFT without surface and DFT with surface are shown in figure 3.30. Atoms at the rim of the
cluster form a chain to the surface alongside an edge. This allows an atom to reach the surface
without being separated from the others.
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Figure 3.30: Cluster evolution calculated using MD and DFT (left). MD and DFT without surface are in

good agreement while an additional surface in DFT reduces the energy barrier to about 0.2 eV. The decay

process is depicted on the left. A chain (red) of atoms forms at the edge of a clusters allowing for a

reduction of the energy barrier (right).

3.2.6 Discussion

Several conclusions can be drawn from the annealing experiments conducted for Aggs clusters
on Au(111) after annealing them at 160 K and 170 K (a previous annealing step at 130 K did
not show any faceted clusters). In a first note the size and number of layers could be determ-
ined sufficiently well using the Cluster Evaluation Software (CES, see section 1.4.3 on page
34). The last step before decay involved the formation of single layered structures. The area
of these could be determined and thus a comparison to theoretical computations could be
made. This showed that in most cases the island size corresponds to the number of atoms in a
single cluster. Thus no material was lost or gained so that only rearrangements of silver atoms
occurred during annealing. Furthermore this should also have been the case for all previous
arrangements of multiple layers because the number of atoms they consisted of was 86 during
deposition and before decay. It was observed that a few partly flattened islands encompassed
two or more separate top layers on a single bottom layer at 160 K. This leads to the conclu-
sion that coalescence occurred in some cases. The increased size of some single layered is-
lands after annealing the sample at 170 K hints in the same direction. In fact their size was so
large, that they should have formed out of up to 5 previously separated clusters. This can be
the case if the particles are very close to each other after deposition.

MD simulations show that the initial shape of a cluster is lost, independent of its previous
kinetic energy. Due to the strong metal-metal interaction of silver and gold, the released bind-
ing energy is sufficient to cause a complete rearrangement of the atoms. At 77 K the surface
dynamics can be described by a comparably fast terrace diffusion. This can be attributed to
migration and Ehrlich-Schwoebel barriers, both being about 0.1 eV [156,197]. This results in
a multi layered structure, the height of which being dependent on the initial size and speed of
the previously free cluster. Roughly speaking the larger the size and the lower the kinetic en-
ergy, the larger the resulting structure will be. This is true for both experiment and simulation.
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Annealing experiments demonstrated a partial decay or significant rearrangement of the
clusters between 138-168 K if the temperature is corrected for deficiencies in measurement
described in section 1.5.4.1 on page 44 (measured: 130/160 K). This can be translated into an
activation energy between 0.41-0.51 eV. MD simulations predicted a barrier of about 0.4 e}
for a decay of the top layer, thus confirming the experiment. Furthermore Morgenstern et. al.
observed a fast Ag(111) island decay with downward diffusion over a step edge, which lead to
similar results [157]. The detachment barrier of the atoms is estimated to be about 0.7 e}
[156]. Experimentally an annealing temperature of 208 K (measured: 200 K) lead to a total
decay of the clusters. Exposing the latter to this temperature for 1 / results in an activation
energy of about 0.63 eV, which is reasonably close to the previously mentioned detachment
barrier.

A deviation of experiment and MD simulation was shown to exist for low impact energies.
The experiment lacked the top layer, which is included in the simulation. For high energies,
no discrepancy was observed. It seems obvious that the additional energy influx of high en-
ergy clusters is responsible for the disappearance of the top layer. However, a closer investig-
ation of the simulated cluster shape suggests that the size of each second layer (from the top)
of a cluster determines if a top layer is included in the simulation or not. Only small second
layers allow a decay of their top layers, which the experiment includes in contrast to the simu-
lation. Consequently layer sizes play a major role in the energy discussion.

DFT simulations including the Au(111) surface revealed the following mechanism: Small
layers provide sharp edges, which larger layers lack due to their bigger radius and thus smal-
ler curvature. These edges allow atoms to form a chain, reaching to the surface. This results in
a reduction of the barrier to only about 0.2 eV. At 77 K a barrier of 0.23 e} can be surpassed
in a time scale of 1 4, thus allowing certain top layers to decay. With this effect included ex-
periment and simulation are in perfect agreement [195].
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4 Experimental Results for Weak Cluster-Surface
Interaction

As mentioned in section 1.1.2 on page 9, UPS is a method that can be used for free clusters
and weak cluster-surface interactions. A weak interaction is ensured by the right choice of the
surface material in our particular experimental setup. As mentioned in section 1.3.2.2 on page
25, HOPG has many advantageous properties for this kind of experiment and is therefore
used as an underlayment in all cases. A description of its preparation can be found in section
1.5.5.1on page 47.
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Figure 4.1: UPS spectra of the following surface substrates: Au(111) (a), HOPG (b), Cso/Au(111) (c) and
Cso/HOPG (d) [123].

Figure 4.1 shows a selection of several possible surface materials. The d-band structure of
noble metals can be shown e.g. by the UPS spectrum of an Au(111) surface depicted in figure
4.1 (a). In the region of -4 el below the Fermi level is a very prominent array of peaks, which
stems from a high density of states. Metal clusters may behave in many ways differently to
bulk material but the overall d-band structure is similar. Thus surface materials must con-
sequently lack structures in the energy range of interest in order not to mask cluster spectra.
Figure 4.1 (c,d) shows Au(111) and HOPG functionalized with Ce. Both have a high density
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of states in the energy range of interest so that they are not useful for the UPS experiments in
question. A direct comparison between figure 4.1 (b) and (a,c,d) (for bulk Ag see figures 4.6
and 4.7) shows that the d-band of HOPG lacks a prominent electronic structure in the energy
range of interest.

The measured spectrum does not solely depend on the used material but also on the chosen
photon energy. While the overall structure of the spectrum remains unchanged, the photon en-
ergy determines how deep below the Fermi level the detector can reach. In our case a helium
gas discharge lamp delivered photons with an energy of 21.2 eV in each experiment. This was
sufficient to detect prominent HOPG structures in addition to investigating the d-band struc-
ture of Ag clusters of different sizes.

The mean free path of the emitted electrons [198] is in the order of the cluster diameter of
a silver cluster with less than 1000 atoms. Thus most of the electrons emitted within a cluster
reach the surface unaffected. In addition to that the total silver coverage is in all cases
<<1 ML so that electrons emitted by HOPG and influenced by a cluster are the absolute
minority.

4.1 UPS of Ags5-Ago23 on HOPG

Usually each experiment starts with the deposition of mass selected clusters on bare HOPG.
Either a single spot with about 3 mm diameter is created or the new Movable Focus Lens is
used to produce multiple spots with about 1 mm diameter in a certain pattern. Because the de-
tector is tilted relative to the manipulator's main axis, the sample must be arranged in a slight
angle in order to measure normal emission. Because the manipulator can only be moved
alongside its main axes, a repositioning in the x-axis always causes the sample to shift out of
focus as depicted in figure 4.2.

However, by readjusting the y-axis the spot of interest can be brought back into focus. The
optimal condition can be found by maximizing the amount of electrons registered by the elec-
tron analyzer. While this procedure is standard for all experiments, it caused problems if the
intensity should be kept constant or the number of readjustments is to be reduced. Due to the
given geometry of the setup this problem does not occur in the case of a repositioning in the
z-direction.

Using a tantalum wire with a diameter of 0.2 mm on an HOPG surface, the size of the area
detected by UPS can be identified. The manipulator together with the sample was moved
alongside the z-coordinate so that the UPS focus transitioned over the wire. A set of UPS
spectra were taken at different positions. Because HOPG lacks any prominent structure in that
region, tantalum was the only relevant contributor for a strong signal. With the wire moving
into the UPS focus, more d-band electrons reached the detector. For evaluation the intensity
between 6.2-7.7 eV below the Fermi level was integrated for each spectrum at a certain posi-
tion, resulting in the graph shown in figure 4.3. The peak at about 175 mm marks the position
where the wire is exactly in the center of the UPS focus while the ground level marks the pos-
itions where the wire is outside. The full width at half maximum of the resulting curve shows



132 Experimental Results for Weak Cluster-Surface Interaction

a diameter of 1.21 mm for the UPS focus. Note that the metallic rim of the sample caused a
significant increase in intensity as soon as the UPS focus came in reach.
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Figure 4.2: Schematic depiction of the defocusing
of UPS electrons. In this example the sample is
tilted 20° relative to the manipulator main axis. In
(a) the distance between sample and analyzer is
optimal. However, this causes sample position (b)
to be out of focus (red circle).
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Figure 4.3: Integrated d-band intensity of a
tantalum wire measured at varying z-positions.
The energy range for integration ranged from
6.2-7.7 eV below the Fermi level. In the upper
part a schematic depiction of wire, UPS focus and
spot position over time is shown.

The Movable Focus Lens produces a spot diameter of about 1 mm so that most certainly no
cluster material is expected to be outside the measured area. Simultaneously the focus is only
insignificantly larger than the expected spot so that only little intensity is expected to be lost.

4.1.1 Preceding Experiments

Earlier UPS experiments also took place without the Movable Focus Lens so only one cluster
size could be investigated in the course of an experiment. There have been, however, several
experiments of that kind so that Agss, Agsw and Agoss were investigated. The latter two were
part of Stefanie Duffe's work [123]. Without the Movable Focus Lens the deposition spot had
a diameter of about 3 mm. This enabled the investigation of multiple areas within the spot be-
cause the UPS focus has a size of just 1.21 mm as demonstrated before. Note that the cluster
coverage density decreases from the spot's center to its rim. Thus the amount of deposited
material at a specific measured area transitioned smoothly from a maximum to none at all.
Furthermore the total amount of clusters was chosen large enough to ensure coalescence in
the deposition center.

The angle at which the emitted electrons reached the detector was set to normal emission.
Unfortunately there was a defect in the UPS electronics, which resulted in a random shift of
the detected energy by +0.2 eV. This incident compromised any quantitative analysis of the
data. The qualitative measurement was, however, unaffected by this.
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4.1.1.1 UPS of Ags5 on HOPG

From this point onwards the exact experimental steps for Agss and Age; deviated. While Agoxs
is described in detail in [123], the experiment for Agss had the most sophisticated setup. To
reduce the cluster mobility during impact, the kinetic energy of the clusters was set to only
0.05 eV per atom, so soft landing condition were ensured. During deposition and measure-
ment the temperature was kept constant at 50 K, which is significantly less than the 140 K for
Agso and Agos. A lower temperature should have reduce coalescence of clusters by reducing
their mobility after impact.

Preceding experiments allowed an estimation of the needed cluster material to cause co-
alescence in the deposition center. Due to the limited size of the spot, rim regions with a
lower particle density remained for nearly every sensible amount of clusters. However, time
proved to be the problematic factor. The total amount of deposited cluster material depends
on the one hand on the cluster current, which must be maximized. On the other hand it can be
increased by running the deposition process for an extended period of time. This is, however,
limited by the target's lifetime and an increasing likelihood of occurring errors. It was estim-
ated that a deposition process should not take more than 2 hours. With a total deposition time
of 50 min and a cluster current of 11-12 pA4, about 600 pAmin were deposited. The respective
UPS spectra are shown in figure 4.4.

lintensity [arb. units]

Energy [eV]

Figure 4.4: UPS spectra of Agss clusters on HOPG with a total coverage of 600 pAmin and a spot diameter
of 3 mm. Spectra were taken from multiple positions within the deposition spot. While the center showed a
d-band structure comparable to bulk silver, spectra at the rim area resembled those of single clusters. The
black box in the upper right illustrates the sample with dots being measured areas. Rim areas can be
associated with deviating d-band structure within the red circle.

To gain a useful variety of data without accidentally measuring a position twice, the sur-
face was scanned by following a grid pattern in steps of 1 mm. In addition to that the spot
could be mapped by gathering data from regions with densities varying from the maximum in
the deposition center to no clusters at the rim. A subtraction of bare HOPG allowed to extract
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the desired d-band information of Agss clusters as described in section 1.5.6.4 on page 52. A
side effect of the low temperature was, however, the adsorption of foreign material onto the
sample, which resulted in additional peaks that overlapped with the actual band structure.
This was noticed during the course of the experiment so that additional HOPG spectra were
taken from cluster free region of the sample. Because they showed the same additional struc-
ture information of the foreign material, they have been used to reveal the cluster's d-band

structure by subtracting them from cluster spectra gathered shortly before or after (see figure
4.5).
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Figure 4.5: UPS spectra of Agss on HOPG after
subtraction of the underlying HOPG and
normalization. While the red curves (bottom)
resemble bulk silver, and the black curves are
strongly affected by disturbances, the green curves
marked with arrows can be associated with single
cluster spectra [199].

Figure 4.6: Multiple d-band spectra of silver
evaporated on HOPG and measured with UPS.
With a lesser amount of silver (top), assumably
clusters are formed, which is reflected in the
simplicity of the spectrum. With more material
(bottom) bulk silver emerges. The open white dots
correspond to a polycrystalline bulk silver
spectrum that was altered by the dynamic final
state effect (see section 4.1.4) [200].

Very noticeable in figure 4.5 is the deviating signal to noise ratio of different spectra. This
is due to the variation in cluster quantity at specific positions, which increases from top to
bottom. The spectra have been normalized. The noise thus affects lower amounts of deposited
clusters more. Clusters with lower coverage show less structure in the d-band than the the
ones with larger coverage. This may be attributed to coalescence, which is thought to occur in
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the deposition center. Despite being mass selected clusters, the deposited material can be
compared to evaporated Ag as long as the respective islands match roughly in size.

A corresponding analysis has been conducted by H. Hovel [200], who has investigated
evaporated Ag on HOPG grown in nano pits using UPS. A transition from bulk Ag to small is-
land spectra was observed. This is shown in figure 4.6. The forming clusters vary in size de-
pending on the amount of evaporated material. For each spectrum a number is given that cla-
rifies the estimated quantity of atoms the grown cluster consists of. The bottommost spectra
in figure 4.5 show coalesced clusters because their closest resemblance is to the polycrystal-
line bulk Ag curve in figure 4.6. Ag(111) is also shown in figure 4.6 for comparison. The
shape of the topmost spectra in figure 4.5 cannot be identified clearly enough in order to ana-
lyze them quantitatively. The three curves below that, however, which are marked with ar-
rows, can be compared to about 2 x10* atoms evaporated silver in figure 4.6. This may be 4
times as much atoms as Agss contains but it is roughly the same order of magnitude. Thus no
or only little coalescence can have happened to the deposited clusters in the corresponding
area.

4.1.2 Refined Evaluation Methods

Important aspect of all following experiments are the evaluation methods used. To understand
the underlying idea, a closer look at figure 4.6 is useful. As mentioned before, the spectrum of
a not too small metal cluster should be similar to the spectrum of polycrystalline bulk Ag.
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Figure 4.7: UPS spectrum of a silver foil measured at 40 K. With respect to the energy relative to the
Fermi level the resulting spectrum can be interpreted as a d-band part (blue) and an s-band part (red).
Lower orbitals are depicted gray.

Figure 4.7 shows the UPS spectrum of an Ag foil. It can be separated into three regions.
The first ranging from 0 el to about -4 el represents the s-band of the metal with a low in-
tensity in the spectrum. This is caused by a low density of states stemming from one electron
per atom normally located in the s-band with parabolic dispersion. The flat d-band with little
dispersion on the other hand shows very prominent structures. It starts at about -4 el ranging
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to about -8 eV. Bands at lower energies produce a smooth but moderately intense spectrum.
This is also expected to be the case in any of the investigated cluster spectra.

Due to deviations in intensity, HOPG and HOPG+cluster spectra have to be normalized us-
ing a certain reference point. For preliminary checks the very prominent HOPG peak depicted
in figure 4.1 (b) at about -8 eV is used. This neglects that a cluster spectrum at energies below
the d-band region has significant density of states similar to the bulk. However, especially for

small clusters the energy range below -8 el is still important and cannot be simply disreg-
arded.

It was decided to modify the subtraction process in some cases so that the resulting cluster
spectrum roughly resembles some features of the spectrum of bulk silver. Thus a program
called var-alpha was coded by D. Engemann during the course of the respective experiments.
The normalization factor «a of a particular HOPG spectrum is varied before subtraction. There
are two modes of operation to find a fitting a. In the first mode the program integrates a part
of the spectrum in the below d-band region and compares the result to an integral over the d-
band. Only spectra with a ratio resembling that of bulk silver are selected. In the second mode
only below d-band values are regarded. Here, the summed, squared deviation from a mean
value is minimized. This results in a region with only little peaks or indentations. For later
evaluations the second mode is used. A depiction of both processes is shown in figure 4.8.
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Figure 4.8: UPS spectra of HOPG+Agss,/60 pAmin and HOPG. Method 1: The normalized HOPG
spectrum is subtracted from the cluster spectrum. After that the integral over the d-band range A, is
divided by an integral over a lower energy range A,. The ratio A./A, is constant for a particular material
and is set to resemble a particular bulk material. Method 2: The summed, squared deviation from a mean
value of the below d-band region is minimized.

Later experiments measured the HOPG sample at positions chosen for a cluster spot before
the deposition took place. This method proved to produce less errors during subtraction.
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4.1.3 Experiments with Movable Focus Lens

The following experiments, in which the Movable Focus Lens was used, will focus on the in-
vestigation of two basic types of clusters. Smaller ones that do not surpass 100 atoms and lar-
ger ones that do. Small clusters are expected to produce more interesting results due to their
supposedly less developed d-band structures. Larger clusters, however, are easier to measure
because they consist of more atoms and can therefore emit more electrons for the UPS meas-
urement, which results in a stronger signal.

4.1.3.1 Experimental Setup

The new Movable Focus Lens enabled the deposition of the same amount cluster material
onto a much smaller area than before. As a consequence multiple depositions were conducted
on a single sample. The distance between the spots was set to at least 2.5 mm in order to en-
sure a clear separation of cluster sizes. Note that the area, which is detected by the UPS ap-
paratus, has an average diameter of about 1.21 mm. This is significantly less than the chosen
distance between deposition spots. An overlapping of two or more spots would make it im-
possible to assign an UPS spectrum to a specific cluster size. To make optimal use of the giv-
en sample without endangering the integrity of single spots, the following deposition pattern
was chosen:

\/

Figure 4.9: Example of a deposition pattern; numbers (1-9) indicate the order of deposition; a cluster
amount of 20 pAmin is depicted dark gray while an amount of 10 pAmin is light gray; deposition spot 8
was overexposed with 63 pAmin and spot 5 was left empty.
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As can be seen in figure 4.9, the center spot was left out. This was done for two reasons.
First, it ensured that an HOPG reference area was present, which had approximately the same
distance to each deposition spot. Second, it seemed easier to identify the spots relative to each
other when characteristic points of reference were present. If 9 spots had been present it
would have been quite difficult to distinguish several spots successfully when most of them
are surrounded by other spots. There was no way to see the deposition spot visually nor did an
UPS signal necessarily deliver a clear d-band structure because the underlying HOPG signal
had still to be subtracted. Additionally without a lengthy evaluation the measurement contains
only little information about the measured cluster size. So it was useful to create one spot that
was easily detectable and easily distinguishable from others. If one coordinate was known,
others could be extrapolated from that. So in addition to the blank center another spot was
chosen to consist of a much greater amount of deposited material. This ensured a good detect-
ability concerning the UPS measurement.

The depicted example was set up to contain 4 individual cluster sizes (Agis7, Ag309, Agsel
and Agos). The red boxes illustrate, which spots contained clusters of the same size. In most
cases they were deposited in direct succession. This way the cluster size had to be changed
less often. The dark gray color marks spots with a total cluster amount of 20 pAmin and the
light gray ones those with a total amount of 10 pAmin. Numbers from 1 to 9 illustrate the or-
der of deposition. Position 5 was left out while the spot of position 8 is depicted slightly big-
ger. This marks the much greater deposited amount of 63 pAmin. Note that position 7 and 9
encompassed the same cluster size without being in close proximity to each other. The fol-
lowing experiments used similar deposition patterns, however not identical ones.

4.1.3.2 Small Clusters: Ags5-Agi147 on HOPG

Here, a grid of 3 x3 spots with a distance to each other of 3 mm was chosen. Cluster quantities
of 2 pAmin, 4 pAmin and 8 pAmin were chosen for deposition under soft landing conditions,
with sizes ranging from Agss to Agss. As it turned out only larger clusters deposited with
8 pAmin could be identified and measured. While Agos/ 8 pAmin had the strongest signal, it
was located too close to the rim of the sample so that the respective spectra where therefore
compromised by an uneven HOPG underlayment. In consequence only Agzi, Age, and Agis;
clusters, each deposited with an amount of 8 pAmin, could be evaluated. In addition to that
the UPS measurement started with a sample temperature of 50 K. Preceding experiments sug-
gested that coalescence of clusters would not take place under these conditions. However, for-
eign material adsorbed on the sample so that the resulting usable data was very limited. The
temperature of the sample was therefore increased at a later point. Unwanted material de-
sorbed at 125 K, which in consequence allowed measurements with useful results. Note that
the data might have been influenced by the desorption process.



UPS of Agss-Agoz23 on HOPG 139

T T T T T T T T T T T

—— Ag92.8pAmin
Ag147.8pAmin | 7|

—— Ag71.8pAmin_| |

Intensity [arb. units]
o
T T
>
>
>
N
P>
£
I
I
|
|

Energy [eV]

Figure 4.10: UPS spectra of Ag;, Agy, and Agy,, after subtraction of HOPG (normalizing on the -8 eV
HOPG peak) and Fermi level set to zero.

The subtraction of the HOPG signal for the cluster spectra in figure 4.10 was performed by
normalizing to the -8 e} HOPG peak. This forces the signal to zero at this energy (compare to
the energies >0 eV above the Fermi level) but produces artifacts e.g. at energies <9 eV’

The experiment was later repeated with minor deviations. For once the amount of depos-
ited material was increased in order to get a stronger signal. Each spot was deposited with
15 pAmin and 30 pAmin, respectively. Thus the lowest coverage of this sample was about
double the maximum coverage of the preceding one. In addition to that an overexposed spot
similar to that depicted in figure 4.9 was used for the first time. It consisted of Agss clusters
with a coverage of 129 pAmin. Moreover the temperature was set to 125 K from the start in
order to prevent adsorption of unwanted foreign material.

Note that at this point it was not yet clear, which cluster coverage density must be sur-
passed for coalescence to take place. Thus a direct comparison of these results with those of
the preceding experiment is necessary.

Figure 4.11 shows several spectra of Agss-Agi47 clusters after subtraction of the underlying
HOPG signal. Note that the newly developed var-alpha method has been used for subtraction.
This is clearly visible for energies below -8 e} where a virtually structureless zone remains
just like in figure 4.7.
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Figure 4.11: Several UPS spectra of Agss-Ag4; clusters with varying occupancies after subtracting the
underlying HOPG signal. The subtraction has been conducted using the new var-alpha method, which
aims at preserving the shape of a silver bulk spectrum.

As mentioned before, the intensity of each spectrum depends on two factors under the as-
sumption that the entire deposition spot contributes to the observed intensity. First, the
amount of deposited clusters is important. Second, the size of a cluster has an influence.
Roughly the total amount of silver atoms in the area in question determines the measured in-
tensity. Note that the effect is linear here because the elastic scattering length of an electron is
in the order of the diameter of a cluster so that double the amount of atoms causes double the
intensity. In consequence it is possible to normalize each spectrum to display the same relat-
ive intensity.

Figure 4.12 shows UPS spectra of Agss-Agisr clusters. All of them have been evaluated us-
ing the new var-alpha method. In addition to that the curve data has been divided by the ion
current, deposition time and cluster size, which is proportional to the total amount of atoms
inside the respective deposition spot. Clusters with an overall lesser amount of atoms and
lower coverage tend to show spectra with less visible structures.

The spectra of figure 4.12 are of two types. The first emerges for coverages >20 pAmin.
They have similarity to clusters associated with bulk Ag(111) shown in figure 4.6. This is es-
pecially visible for Agss/129 pAmin: The peak at -5 el is much more intense than the one at
-6.5 eV. This is also confirmed by the experiments conducted prior without Movable Focus
Lens (see section 4.1.1.1 on page 133). Comparable structures have formed for Agss/30 pAm-
in and Ag7/30 pAmin.

The depositions with a coverage <20 pAmin produced different cluster spectra. Now both
peaks at -5 e} and -6.5 eV have about the same intensity. They show more features of Ag
polycrystalline than Ag(111).
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Figure 4.12: UPS spectra of Agss-Ag4; clusters after subtraction of bare HOPG (left). Normalized using
the new var-alpha method and by dividing by the number of atoms in the measured deposition spot.
Clusters of identical size are depicted in the same color. The same graphs after smoothing are depicted on
the right.

Note that the mentioned effect is not caused by differences in the intensity of the spectra.
In figure 4.11 Agi47/20 pAmin has a strong signal, but figure 4.12 shows that the spectrum re-
sembles those of smaller clusters with lower coverage and thus very low spectrum intensity.
Simultaneously Agss/30 pAmin has a weaker overall signal but displays a spectrum closer to
Ag(111).

4.1.3.3 Large Clusters: Agi47-Ago23 on HOPG

Several cluster sizes between Agis; and Ages were deposited to complement the results for
smaller clusters. An overexposed deposition spot of Agssi was used as a point of reference.
The respective layout is shown in figure 4.9. It was suspected that coalescence might already
have taken place for the overexposed spot. For smaller spots it was uncertain whether coales-
cence would occur.

10 pAmin and 20 pAmin had been deposited under soft landing conditions for each cluster
size, except for Agis;, which was only deposited with 10 pAmin. It was hoped that one of
those two variations would avoid coalescence on the one hand but allow a sufficient detectab-
ility on the other.
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Figure 4.13: Several UPS spectra of Ags-Ages clusters with varying coverages on HOPG after
subtraction of the underlying bare HOPG signal.

Figure 4.13 shows spectra of Agis-Ages clusters after subtraction of the bare HOPG signal
by adjusting to the -8 el peak of HOPG. Because it was not possible to use an HOPG spec-
trum from the same position as the deposition spot, HOPG spectra from different positions on
the sample were taken and averaged. Furthermore, it turned out that HOPG close to the actual
spot showed the same amount of deviations as those from any other position.

Without normalization, it is already visible that the spectrum of Agss1/63 pAmin is closer to
Ag(111) than to polycrystalline silver (see figure 4.6). This coincides with the earlier meas-
urements of large coverages.

For a further evaluation the curves have been normalized in figure 4.14 using the total
amount of atoms in the measured area (see section 4.1.3.2). The spectra show a similar
shoulder as Agss1/63 pAmin at around -6 eV, but both depositions of Ages differ slightly in
their structure at around -4.5 eV. They have a flank at this energy that is more rounded com-
pared to other cluster sizes. In contrast to small clusters, all spectra in figure 4.14 have a
closer resemblance to bulk Ag(111) than polycrystalline silver even though all coverages are
<20 pAmin. Agi47, only deposited with 10 pAmin, has too little count rate for an evaluation.
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Figure 4.14: UPS spectra of Ags-Ago; clusters
after subtraction of bare HOPG. Normalized by
adjusting to the -8 eV peak of HOPG and dividing
by the amount of atoms in the measured area.
Spectra of the same color represent identical
cluster sizes. Agg; deviates slightly from other
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Figure 4.15: UPS spectra of Ags-Ago; clusters
after annealing the sample at RT. However, the
respective measurements took place at 125 K.
Ags61/63 pAmin  resembles  bulk  Ag(111).
Deposition spots with lower occupancy resemble
polycrystalline bulk silver (see figure 4.6).

spectra by displaying a more rounded flank at
around -4.5 eV.

The sample containing all cluster sizes from Agis-Agos had been annealed at RT for
10 min, which ensured thermal equilibrium. At this temperature coalescence is suspected for
all cluster sizes. The respective results can be seen in figure 4.15. Note that some sizes and
coverages are not shown at this point because they deliver the same basic effects without dis-
playing spectra of the same quality. Agss1/63 pAmin behaves differently to any other depos-
ition. The resulting spectrum strongly resembles bulk Ag(111) after annealing while the other
spectra resemble polycrystalline bulk silver (see figure 4.6). Any explanation would logically
attribute the observed behavior to the way clusters of different coverages coalesce. A more
thorough discussion together with the investigation of further effects follows in the next sec-
tion.

4.1.4 Discussion

Three main factors play a major role in the UPS experiments of this section. First, the sample
temperature is relevant. Second, the cluster coverage is of importance because it determines
not only the subsequent signal intensity but also the interaction of clusters with each other.
Third, the size of individual clusters is important. As a general trend larger clusters express a
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greater stability due to an overall lowered internal energy per atom. Furthermore large
clusters have a reduced movability due to their greater mass, which requires a greater influx
of kinetic energy to reposition the particle. Thus the consequent likelihood of coalescing
clusters depends on the cluster coverage, the given temperature and the cluster size. Other ef-
fects like changes in orientation or deformation most likely also mainly depend on those
factors. However, in these cases the surface structure of the sample and maybe even the con-
crete shape of the clusters could be crucial. The following observations were made in the ex-
periments of this section:

1. The fact that deposition spots, created with the Movable Focus Lens, encompass
the entirety of deposited size selected clusters, allows the direct computation of the
number of silver atoms, which contributes to the resulting UPS signal.

2. Spectra of Agss clusters with sufficiently low coverage are shown to resemble silver
clusters of similar size grown on HOPG nano pits. With their broad shape, these
spectra are closer to Ag polycrystalline (see figure 4.6).

3. The spectra of Agss-Agi47 clusters are of two types. Which one a specific deposition
spot shows, depends on the cluster coverage. For coverages <20 pAmin the spec-
trum is broadened so that a certain resemblance to polycrystalline silver is present.
Spots with higher coverage show slightly different spectra, which may be closer to
bulk Ag(111).

4. The spectra of Agso-Ages clusters show features of bulk Ag(111) at 125 K. This is
true for all coverages.

5. Agos with both 10 pAmin and 20 pAmin coverage displays a slightly different spec-
trum than any other cluster size/ coverage combination at 125 K. It has a more
rounded flank at about -4.5 e} below Fermi level. Note that Ages is the largest de-
posited cluster size of all experiments. It is also a geometrically magic cluster size.

6. After annealing Agso-Agos at room temperature, all spectra except Agss1/63 pAmin
resemble polycrystalline silver. The latter resembles bulk Ag(111).

A graphical display of all experiments is shown in figure 4.16. Partial coalescence, which
can force clusters in an even orientation and thus an Ag(111)-like structure, might occur for
small clusters and high coverages at 125 K. For low coverages clusters are scattered over the
surface without uniform orientation. This result in a structure showing features of polycrystal-
line silver. The importance of cluster size and coverage for coalescence or a reorganization
process seems obvious. In the case of small clusters, below or equal to Agis, the total cover-
age has a greater influence than the cluster size.

Larger clusters are unlikely to be displaced at 125 K but show a tendency towards an
Ag(111) structure non the less, even for low coverages. This could be explained by the shapes
of larger clusters. In a simplified model they can orient their bottom facets parallel to the sur-
face coherently. Some of the clusters might than have an opposing top facet that is also paral-
lel to the surface (note that the clusters usually have the shapes of fully or partly formed icosa-
hedra). The (111) structure of such facets can cause the emergence of an UPS spectrum that is
closer to Ag(111) than to polycrystalline silver.
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Figure 4.16: UPS experiments sorted by coverage and cluster size. “Exp. 1-3” in the upper right box are
the experiments in the same order as in this section. The black box (continuous line) separates
schematically UPS spectra being closer to polycrystalline silver. The dotted, red box separates
polycrystalline from Ag(111) spectra after annealing. Agss/63 pAmin (dashed red circle) resembles
Ag(111) after annealing. The blue box marks unique polycrystalline spectra. Other spectra, including
Agso0-Agoy; before annealing, are closer to Ag(111).

Note that the mentioned effects are not expected to be the only factors for the emergence
of certain UPS spectra. Coalescence or the facet orientation of clusters are probably mixed
with other effects emergent from the cluster size, the cluster orientation or the cluster-surface
interaction. The visible difference of cluster spectra to either bulk Ag(111) or bulk Ag poly-

crystalline spectra can be attributed to this.

During annealing the sample that contains Agse-Ages at room temperature, the clusters
moved over the surface. The clear Ag(111) bulk spectrum of Agssi/63 pAmin after annealing
suggests that the clusters formed large coherent islands, possibly aligned in the same direction
due to the underlying surface orientation. For lower coverages, however, polycrystalline sil-
ver results, which seems contradictory to their previous (111) orientation. The clusters are ob-
viously less ordered after annealing than before. At this point the surface structure might help
to solve this contradiction. HOPG often shows ridges, step edges and defects on the surface.



146 Experimental Results for Weak Cluster-Surface Interaction

Directly after deposition, a soft landed cluster does not have enough kinetic energy to move
away from its impact position at sufficiently low sample temperatures. Only in very few cases
does a cluster land on a defect or step edge. During annealing, however, the cluster can move
quasi freely so that it is finally stuck at the open carbon bondings of the mentioned surface
structures. The cluster might then align randomly, deform or even melt.

Agas seems to be a special case among all investigated cluster sizes. Deviations in the
spectrum could be the result of a dynamic final state effect [201]. It is caused by the positive
charge that a cluster carries if one of its electrons is removed by the UPS measurement pro-
cess. The resulting potential /¥ decelerates the emitted electron so that its kinetic energy is re-
duced, which is in consequence reflected by a Fermi level shift AE. Without a surface, W is
maximal and the following equation applies (with R being the cluster radius):

1
AE:WWHL\"CKE (4‘1)

Because both substrate and cluster are not in perfect contact, the equalization of the posit-
ive charge requires a typical time 7. The latter is heavily influenced by the magnitude of the
cluster-surface interaction. With a small 7 the alteration to the spectrum becomes more com-
plicated. Instead of just being shifted, it is now slightly warped.

The open white dots in figure 4.6 show polycrystalline bulk silver with the computed dy-
namic final state effect taken into account. Comparing the result to polycrystalline silver
shows that substructures are blurred and that peaks are slightly distorted. Especially the flank
at -4.5 eV is less steep for bulk Ag. With these changes the spectrum fits well to the data for
Ag clusters with about 4 x10* atoms at HOPG nanopits [200]. The magnitude of the dynamic
final state effect is larger for smaller cluster radii R as equation 4.1 shows. However, the more
likely cause for deviations in both Agos depositions is a different cluster-surface interaction in
comparison to other sizes and thus an altered z.
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5 Summary

All experiments involved either mass selected or grown silver clusters. Their behavior is
mostly defined by the surface they were deposited onto. The following list shows the sample
systems together with their associated strength of interaction:

1. Mass selected and grown clusters on 1 ML or 2 ML Ce/Au(111) — moderate
cluster-surface interaction; investigated with STM and STS.

2. Mass selected clusters on Au(111) — strong cluster-surface interaction; investigated
with STM.

3. Mass selected clusters on HOPG — weak cluster-surface interaction; investigated with
UPS.

Soft landing conditions were employed for mass selected clusters in most cases. Height
measurements of the resulting structures showed that the clusters were unaltered by this pro-
cess with the exception of strong cluster-surface interaction. In most experiments thermal en-
ergy was injected into the system by annealing. An overview of these experiments follows in
the next sections.

5.1 Experiments for Moderate Cluster-Surface Interaction

Annealing experiments involving clusters on Cs/Au(111) showed that two factors determine
the consequent rearrangement process (see section 2.1 on page 54). First, the layer thickness
is important. Ce essentially serves as a buffer between the cluster and the Au(111) underlay-
ment. With increasing gap the interaction is further reduced and the cluster thus stabilized.
Consequently Agsp clusters decay on 1 ML Cg even at room temperature as previously
shown and confirmed in the experiments discussed here. Additional layers do not allow a de-
cay so that only rearrangements of the cluster atoms can take place. These have been investig-
ated on the second monolayer. Annealing Ags. (height at 77 K: 1.4 nm) up to room temperat-
ure revealed the emergence of two cluster heights at 1.3 nm and 1.6 nm, respectively. The
same heights appeared on 1 ML under identical conditions in addition to the decay process.
Evaporated silver also showed heights of 1.3 nm and 1.6 nm on the second monolayer Cg un-
der comparable conditions. Thus it was concluded that these heights correspond to a configur-
ation of silver atoms that is especially stable on Ce. The emergence of these heights is
ascribed to a change in width-to-height ratio of the clusters in both cases. However, it was
concluded that grown clusters in contrast to mass selected ones underwent Ostwald ripening
in addition to that so that the emerging structures encompass about 10 times more atoms than
their mass selected counterparts. It was theorized that not the number of atoms is responsible
for a deformation of the clusters but the number of layers.

A possible explanation can be found in the formation of quantum well states within the
cluster. These can influence the stability of a cluster by lowering the energy of the entire sys-
tem. However, a quantitative analysis and thus confirmation requires computer simulations,
which might be a future endeavor.
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The height evolution of Agsss on 1 ML Cso/Au(111) at 77 K has been analyzed by steps of
single atoms (see section 2.2 on page 80). A sudden increase in height of about 0.1 nm for
Aggr was identified (from about 1.4 nm to 1.5 nm). Earlier experiments hinted to only slight
changes in height for clusters a few tens of atoms larger or smaller than Agsy.

The experimental results are in accordance with some earlier findings involving clusters in
free beam. As mentioned in the respective chapters, tremendous changes in shape can be en-
forced by adding a single atom. Most prominent examples involve transitions from 2D to 3D
shapes. A possible explanation for larger clusters, like these, involves geometric effects. Ags;
could consist of an unusual stable structure composed of 6 fully filled shells. Each atom in a
given shell has the same distance to one core atom. Normally cluster-surface interaction
causes a cluster to adopt an oblated shape. This might change for intermediate stable struc-
tures, which prefer a more spherical arrangement.

Agsr 1s quite close to the electronically magic Age. As mentioned in the respective section,
these sizes tend to become spherical if they are independent of a surface. If smaller clusters
express an oblated shape, it could explain the observed height change. Ags; is the first cluster
in a height step, and it has 5 atoms less than Age. This might be due to the interaction with
the Ceo/Au(111) surface.

Not only geometric cluster properties may be important but also electronic ones. The latter
can directly influence the height measurement. Note that the tunneling current of an STM
measurement is kept constant by adjusting the distance between cluster and tip. If the density
of states of a cluster changes, the height measurement is altered accordingly. Another explan-
ation involves the orientation of clusters on Ceo. It is possible that adding atoms to a cluster
forces it in different orientations and thus causes an increased measured height.

Most recent experiments using copper as a cluster material on an otherwise identical
sample system hinted to a comparable height change around Cus;. Further evaluations are still
necessary to confirm those results.

STS experiments were conducted for Ag, clusters on 1 ML Ce/Au(111) (see section 2.3 on
page 100). For that reference spectra of Ceso were used in order to identify intermediate
changes in tip state. Major difficulties prevented an evaluation of most spectra so that only
Agss provided usable data. Together with earlier experiments, a cluster-size dependent gap
between peaks around the Fermi level could be observed. An interpretation of those peaks as
electronic states representing HOMO and LUMO orbitals is probably misleading. This is be-
cause numerous electronic effects induced by the tip and cluster geometry must be con-
sidered. The results are further complicated by the fact that earlier experiments used HOPG as
an underlayment below the Cso film instead of Au(111). The repercussions for the distribution
of electrons within a cluster are difficult to determine. However, the peak distance decreases
with increasing cluster size, which at least hints to a gradual transition of the cluster to bulk
properties. This effect, which can be interpreted as an increase in electronic states together
with reduction of energetic band gap distances, is expected independent of the specific com-
position of the cluster.
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5.2 Experiments for Strong Cluster-Surface Interaction

Measurements were conducted involving Ags,-Agss clusters on Cq/Au(111) and Au(111) at
77 K and after annealing (see section 3.1 on page 106). First experiments provided Ceo films
on Au(111) with free regions of bare Au(111). This enabled a direct comparison of clusters on
both substrates. These experiments demonstrated that clusters of this size do not decay on
either of the substrates at 77 K. However, it was quickly realized that the strong cluster-inter-
action between cluster and Au(111) together with the thermal energy available caused a
severe deformation process. Two heights for one and the same cluster deposition parameter,
emergent from the statistical nature of the impact process, were observed. An additional in-
flux of thermal energy by annealing caused a further flattening of the structures, allowing
them to eventually wet the surface and thus reach an even more energetically favorable state
by increasing the contact area between both metals. By analyzing the resulting structures, a
relation between cluster shape and temperature could be identified.

Following these findings a new experimental setup was designed. This time multiple de-
position spots were created on the same sample using the new Movable Focus Lens. Cluster
sizes between Agss and Ag,4; were deposited on Au(111) with varying impact energies and
their heights and structures were analyzed via STM (see section 3.2 on page 118). Simula-
tions of the process provided by 7. Jdrvi and M. Moseler allowed a direct comparison of the
results. Annealing experiment showed a good correlation with the calculated energy barriers
provided by MD simulations. The detailed height structure of our experiments compared to
MD simulations revealed an almost perfect correlation except for an unexpected difference in
height by one monolayer for some cluster size/ deposition energy combinations. This shift, al-
ways towards lower heights compared to the simulation, was interpreted as an additional de-
cay process. An analysis of the concrete atomic composition of the cluster, provided by MD
simulations, revealed a layer size dependence of this effect. A decay of the top most layer
only took place if the underlying layer was smaller than a certain threshold. Additional DFT
calculations showed a further reduction of the energy barrier if atoms were able to decay
alongside sharp edges only present at small layers. The barrier was reduced sufficiently for a
decay of the topmost layer to take place at 77 K, and thus it was causing a height decrease by
1 ML. With these corrections experimental and data from simulation show an almost perfect
match.

5.3 Experiments for Weak Cluster-Surface Interaction

A wide variety of UPS experiments involving Agss-Agos cluster on HOPG were conducted
(see section 4.1 on page 131). Latest experiments using copper as a cluster material are not in-
cluded here because they have been too recent.

Preceding UPS experiments investigated Agss clusters on HOPG at 50 K and analyzed
multiple cluster coverages that were difficult to quantify. Spectra of Agss on HOPG showed a
certain resemblance to the spectra of clusters grown on HOPG nano pits. The investigation of
several small sizes from Agss to Agis; followed at 125 K, from now on with well defined
cluster coverages. Finally larger clusters between Agis; and Ago; were investigated at 125 K.
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The same sample was annealed in several steps and was again investigated at 125 K, which
provided information on coalescence processes.

Low coverages <20 pAmin and clusters smaller or equal to Agi4; produced a broad UPS
spectrum with two peaks equally prominent at -5 e} and -6.5 eV below the Fermi level. Thus
they appeared to be much closer to polycrystalline silver than Ag(111). This phenomenon was
attributed to the small size of the clusters and their random orientation on the surface. How-
ever, small clusters showed different spectra for coverages >20 pAmin. Now the peak in the
spectrum at -5 e/ was more prominent than the one at -6.5 el so that the spectra were closer
to Ag(111) than polycrystalline silver. A possible explanation was found to be partial coales-
cence occurring for small cluster sizes and large coverages because of the close proximity of
individual clusters.

Cluster sizes, ranging from Agsw to Ages, have been found to show spectra closer to
Ag(111) than polycrystalline silver independent of coverage. Because larger clusters are less
likely to coalesce than smaller ones, another explanation seemed to be valid. The clusters are
believed to have shapes of fully or partly formed icosahedra. With this it is possible for them
to orient their top facts, which are usually parallel to their bottom facets, parallel to the sur-
face. The fact that the facets have an (111) orientation could be reflected in the subsequent
UPS spectrum.

After annealing, cluster sizes that range from Ags:w to Ages had a strong resemblance to
polycrystalline bulk silver independent of coverage, with Agssi at 63 pAmin coverage being
the only exception. This has been attributed to random movements during annealing, which
placed them unevenly at kinks, step edges or surface defects in combination with a possible
deformation or destruction of the cluster. Agssi/63 pAmin, on the other hand, strongly re-
sembled bulk Ag(111). This has been attributed to the high cluster coverage and the sub-
sequent formation of uniform islands, which are (111) oriented.

A special case among all cluster sizes was Agos. It showed a slightly different spectrum for
all produced coverages. In the spectrum, the flank of the peak at -4.5 el below the Fermi
level is more rounded than those of other cluster sizes, which can be attributed to the dynamic
final state effect. The cluster gains a positive charge due to the UPS measurement process so
that an emitted electron is decelerated. This reduces its energy, which is reflected in the spec-
trum. It is conceivable that Agos experiences a different coupling to the surface in direct com-
parison to smaller sizes, which causes the dynamic final state effect to be more prominent.

5.4 Cluster-Surface Interaction in General

The distinction between moderate, strong and weak cluster-surface interaction is of course an
artificial one. It has been useful in this thesis because of the experimental constraints we had
to deal with. However, the interaction of nano particle and surface is more complex than that
and very individual for varying sample systems.

Previous findings have already defined many types of clusters, either in free beam or on a
surface. Some of them have been confirmed or have been at least shown to be plausible in this
thesis. However, it has been demonstrated that the size evolution of clusters on surfaces is
more complex for noble metals like silver than anticipated. Sudden height changes and inter-
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mediate stable sizes have been shown to exist. In addition to that there are hints that the ori-
entation of clusters heavily depends on the surface and even slight disturbances might cause
very different outcomes. The thermal stability of clusters depends on many factors, some of
which being the surface structure, cluster or island size. In some cases a high mobility of
clusters has been observed, which lead to coalescence. In other cases decay processes, which
are very specific to the environment, have been studied. As measurements indicated, a strong
cluster size dependence of the electronic structure was present, partly confirming previous
findings.

The initial approach of this thesis, which was a very thorough investigation of a well
defined sample system with reproducible environmental conditions, has been vindicated as
our findings demonstrate. As of now many problems remain and still better devices and ex-
perimental setups are necessary. Some of these will be discussed in the next section.

5.5 Outlook

This section will present future plans for new devices or experimental setups. Note that dur-
ing the course of this thesis a lot more improvements were thought out that have not been
realized yet. However, the next sections will focus on already started projects or the most
promising ideas.

5.5.1 Devices

There is room for improvement of the Preparation Chamber's manipulator. It is quite close to
many sensitive components. Because it is moved constantly back and forth, detrimental colli-
sions can occur. To prevent this, a circuit could be built that would instantly stop the electric
motor of the manipulator if it touches other devices. Because nearly every component is
metallic and firmly grounded, this could be done by detecting a short circuit as soon as the
manipulator touches another part of the machine.

Working with the most important new device, the Movable Focus Lens, has demonstrated
that the functionality can be expanded. It is probable that the UPS focus is still larger than the
deposition spot of the MFL. This is unfortunate because this way less clusters can be detected
for a coverage below the coalescence limit on the surface and more unwanted surface materi-
al, in our case HOPG, is measured. Consequently the overall intensity of a cluster signal is re-
duced. To solve this problem, the MFL has been retracted from the sample in order to allow a
greater scattering of the clusters and thus widen the deposition spot. The results are still in-
conclusive and it must be investigated if such an action compromises the positioning of the
spot. Another possibility to increase the spot diameter is the widening of the borehole of the
MFL. Furthermore an array of lenses with varying boreholes could be constructed, which
would allow a greater choice in the selection of a fitting diameter.

Another device that facilitates UPS measurements is an already built but as yet untested
argon gas-discharge lamp, which shall serve as photon source for UPS. The current helium
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gas-discharge lamp delivers a photon energy of 21.22 eV. In addition to that two satellites are
produced at 23.09 el and 23.74 eV with 0.5% and 2% intensity of the main line, respectively
[202]. Consequently echos of the main spectrum are produced, which deteriorate the measure-
ment to a certain degree [203]. Argon encounters this problem with much more intense satel-
lites so that it is normally not used as a photon source. However, a new stainless steel jacket
has been constructed for the actual gas-discharge lamp. This is thought to prevent argon gas
from entering the Preparation Chamber, otherwise the gas would adsorb on cooled samples
and thus hamper the measurement tremendously. In order to allow the photons to get into the
chamber, a window consisting of a lithium fluoride crystal has been constructed. In addition
to that it has the ability to absorb photons above a certain energy. When heated to 370 K, all
unwanted lines are cut off so that only the desired 11.62 e} line remains. Note that with a
thickness of 1 mm the intensity of the desired line is reduced by a factor of 5 [203]. In our
case the window has a thickness of 0.3 nm.

Figure 5.1 shows several argon lines, which are cut off by heating the window. Figure 5.2
provides an illustration of the jacket. The actual gas-discharge lamp is located inside. Heating
and temperature detection of the window as well as first leak tests proved to be successful. In
a next step the performance under vacuum conditions has to be tested.
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Figure 5.1: Vacuum ultraviolet spectrum of an Ar  Figure 5.2: Photograph of the new stainless steel
gas-discharge lamp. The black line shows the  jacket for the Ar gas-discharge lamp (left). The
transmission threshold at room temperature. The  position of the lithium fluoride window is marked
cutoff is shifted to lower energies by heating by white arrows. A schematic profile of the same
[204]. device is depicted on the right.

As mentioned in section 2.3 on page 100, STS experiments encountered numerous prob-
lems. It is suspected that a digital lock-in amplifier and a new compensator electronics
would be able to reduce this effect. With the modulation of the tunneling voltage by an altern-
ating reference and the use of a lock-in amplifier, disturbances unrelated to the tunneling cur-
rent can be identified and filtered. However, the STM apparatus encompasses wires with
close proximity, which tend to influence each other. As soon as a bias is applied and thus an
electrical current is flowing, the other one serves as capacitor which leads to the measurement
of a non-existing tunneling current.
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To solve this problem a compensator electronics is to be built. It basically works as an in-
verse amplifier, so it is able to erase the disturbance current. Both the digital lock-in amplifier
and the compensator electronics have been tested by other groups and were found to work in
the desired fashion [205].

5.5.2 Experiments

Up until now UPS experiments are in an early stage. It was aimed to understand the behavior
of copper and silver clusters of different sizes under varying environmental conditions. With
this achieved the long term goal of the experiments can come into focus again. As discussed
in section 1.1.1.2 on page 6, noble metal clusters can be described by a shell model. Photo-
electron spectra can provide a “fingerprint” that reflects the electronic structure [118]. It is
hoped that future experiments are able to visualize quantized states of small clusters and thus
provide a much more detailed picture of the transition to bulk properties.

With an intensive investigation of silver as a cluster material, future experiments will be
more focused on copper. This is done for two reasons: First, the height distribution as well as
thermal stability of copper clusters on varying substrates, like Ceo or bare Au(111), enables a
direct comparison with silver under identical conditions. This way the influence of the materi-
al on the observed effects can be isolated. Second, in UPS experiments prominent band struc-
ture effects are expected to be represented by peaks closer to the Fermi level compared to sil-
ver. This coincides well with the reduced photon energy of the new Ar gas-discharge lamp.

As yet very early experiments have been conducted using copper clusters. Cui4, Cuss, Cuss,
Cu7 and Cuo, have been deposited onto an HOPG surface using similar methods and depos-
ition pattern to those described in section 4.1.3.1 on page 137. Spectra have been gathered for
125 K before and after annealing the sample at higher temperatures. Because only low d-band
intensities could be detected, it is aimed to find out at which cluster coverage density coales-
cence occurs so that the amount of deposited material can be maximized accordingly. One
way to achieve this is to lower the temperature as much as possible. However, 125 K was the
minimum temperature possible before foreign material adsorbed. As mentioned before, the
new Ar gas-discharge lamp may be an important asset for that reason. This is because most of
the foreign material most probably stems from the gas of the discharge lamp that floods the
Preparation Chamber. By sealing off the connection of lamp and chamber, this problem is
hopefully solved.

Furthermore the measurement and subtraction of bare HOPG has to be optimized. First
experiments measuring HOPG before deposition at the same position as the following cluster
spot proved successful. The succeeding subtraction process produces less errors than the usual
method of choosing a nearby HOPG spectrum as reference. For that, however, the positioning
of the sample relative to the manipulator must be highly precise. Thus a thorough comparison
of deposition coordinates with measurement coordinates must be conducted in order to get
them as close as possible in future experiments.

In earlier experiments angle-resolved UPS has been tested. It is suspected that deviations
in the electronic band structure of silver or copper, which are angle dependent due to the devi-
ating momentum of the electrons, can be visualized. While differences in the spectra could
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not be identified at this point, similar experiments shall be repeated with copper clusters at
lower temperatures.

Furthermore measurement of Cu clusters on Cg/Au(111) have been conducted. Setup and
deposition pattern resemble those described in section 2.2.4 on page 90. This experiment aims
at gathering height information on copper clusters on a Cs surface. For example the existence
of changes in the cluster height at a certain number of atoms, identified in the section men-
tioned above, is to be validated or refuted for copper. While first results point to such an ef-
fect, further evaluation is needed. Additional experiments might be able to map a wider range
of heights and produce a large picture of the size evolution of copper, which can than be dir-
ectly compared to that of silver. Note that copper atoms are similar in electronic properties to
silver atoms but smaller in size. Thus the resulting clusters are also smaller so that they may
be positioned differently on a Ce surface while possibly displaying a comparable electronic
behavior. This may help to differentiate electronic and geometric effects, which can only be
distinguished with difficulties in an STM measurement.

Another idea for the investigation of a size dependent cluster height revolves around the
compensation of tip-induced changes in measured cluster height. In addition to depositing 9
sizes in a row, each size shall be mixed with an additional always identical cluster size. That
way each height measurement has a reference so that a correction of the results is possible.

Of similar interest is the thermal stability of Cu cluster on one or multiple monolayers of
Ceo on Au(l11). For once observed decay processes computed and measured with silver
clusters, can be repeated with copper. Differences and similarities can help to further charac-
terize the sample system. This includes energy and diffusion barriers as well as possible ef-
fects of the deviating geometries of silver and copper.

Another experiment that can be repeated using copper as a cluster material is the depos-
ition of clusters directly onto Au(111). Similar data could be collected and directly compared
to the results for silver. MD and DFT simulations could be conducted for this material and
further validate previous results. It is also possible to exchange the substrate material. Silver
clusters on a silver substrate or copper clusters on a copper substrate would have the benefit
of simplifying the system for molecular dynamic analyses.

Future STS measurements using the new digital lock-in amplifier and compensation elec-
tronics shall be conducted on silver as well as copper clusters. The experiments of this work
illustrate the existing difficulties in distinguishing geometric and electronic effects on the
cluster in combination with a surface. More complex interactions prevent an easy separation
of the mentioned effects while simulations have general difficulties with manifold systems.
This is probably one reason why until now mainly simple systems involving clusters and sur-
faces are understood by the scientific community. STS is potentially able to fixate many geo-
metric parameters of a highly complex system while simultaneously mapping the electronic
structure of the object of interest. Note that exactly this fixating of parameters requires a high
precision, which makes this method susceptible to experimental sources of errors like vibra-
tions, thermal drift effects and tip-cluster interaction.
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It is hoped that future experiments will be able to combine many of the experimental
methods and thus help to get a more general view on cluster-surface interactions without the
need to separate the experimental techniques according to the strength of interaction. We have
tried this several times in the past with mixed results. For example, noble gas films have been
created on top of HOPG, which enabled measurements using STM. They were later desorbed
so that UPS measurement on a slightly altered system could be conducted. Another approach
used nano pits on HOPG, which fixated clusters so that STM experiments were possible.
However, each of these approaches has the downside of restricting the freedom of the experi-
menter in choosing a well defined sample system. The importance of that has been high-
lighted in this thesis. In general a greater sensitivity of the devices in use must be achieved so
that masked spectra in UPS for moderate cluster-surface interaction or weakly bound clusters
can be analyzed in STM. In addition to that new surface and cluster materials can be con-
sidered that are of special use in the mentioned applications.

The general goal of our experiments is the investigation of nanoscopic systems on an
atomic level. Despite our limited capacities today, we were already able to investigate certain
mass selected clusters atom by atom. It would be a great enhancement to not only be able to
measure geometric properties but simultaneously investigate changes of the electronic struc-
ture for few atom changes in cluster size. For clusters in a free beam this is demonstrated for a
number of systems in the literature. However, for clusters on surfaces there are still no fully
fledged methods so that this field is still in the stage of pioneering work.
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6 Appendix

6.1 STS Spectra of Agss, Agss, Agizson 1 ML Ceo/Au(111)
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