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1 Introduction 
 
 
Ever since humans had an interest in understanding how the phenomena they could 
observe in nature work. Therefore they started to observe and investigate the nature 
around them and with this the science field of physics was born. In the beginning 
physics (from Greek  which means “nature”) was a part of the natural philosophy 
which has its origins in Greece and became a separate science in the early modern 
Europe.   
 
Two fields of modern physics today are solid state physics and particle physics. The 
first field investigates the interaction of solid matter. The second field investigates the 
interaction of single particles and the composition of these particles, which are the basic 
module of solid matter. In both fields different physical concepts are used and they can 
be treated separately. A link between these two independent fields is the physics of 
clusters. A cluster is a small particle consisting of only a few atoms (3 - 105) which 
changes its physical properties from particle like to bulk like depending on its size.  
 
The investigation of clusters began in the 1950s although the special size dependent 
properties of clusters were already used by the ancient Egyptians 3500 years ago [1]. 
They colored glass by adding metal compounds. In melted glass the metal atoms are 
released and assemble to clusters of different size. The longer the glass is held at high 
temperatures the bigger the clusters become. Depending on the cluster size the 
electronic and optical properties of the clusters change resulting in a change of the color 
of the glass (for silver clusters from red for small clusters to green for big clusters) [2]. 
The same principle was used for the coloring of church windows.  
 
Today the field of application for clusters is much bigger. For example, they are used in 
cosmetics for sun protecting cremes and deodorants. In the latter case mostly silver 
nanoparticles are used to prevent the development of bacteria due to their antimicrobial 
activity [3]. In addition magnetic clusters can be used in medicine for drug delivery, as 
magnetic resonance imaging contrast agents and for cancer therapy [4]. In the latter case 
magnetic nanoparticles are transported to the cancer cells where they are heated up due 
to an external magnetic field which results in a suppression of the cancer cells. 
 
A big area of application exists for clusters deposited on surfaces, e.g. for catalysis [5]. 
For example small gold clusters (with  20 atoms per cluster) are deposited on magnesia 
and then catalyse the reaction of CO to CO2 while bulk gold shows no catalytic 
reaction. Other applications for deposited clusters are, e.g. data storage and the building 
of nanoelectronics [4].  
 
Although clusters are widely used today, their properties are not yet fully understood 
and need further investigation. Therefore the investigation of the geometrical and 
electronical properties of clusters deposited on surfaces is the subject of this thesis. 
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An overview about the general properties of clusters and the used substrates is depicted 
in chapter 2&3. Then the experimental setup is described (chapter 4), consisting of the 
cluster source facility and a surface science facility. This is followed by the methods 
used for sample preparation and cluster deposition (chapter 5). Within this thesis the 
clusters were investigated with scanning tunnelling microscopy (STM) and ultraviolet 
photoelectron spectroscopy (UPS). These two measuring techniques used are described 
in chapter 6. In the course of this thesis results of UPS measurements of deposited 
clusters are compared with results of UPS measurements of free beam clusters. The data 
for free beam clusters were made available by Bernd von Issendorff from the Albert-
Ludwig-Universität in Freiburg and extracted from other sources in the literature. For a 
better comprehension a short overview about the measuring procedure of free beam 
clusters as used by the group of Bernd von Issendorff is given in chapter 7. The results 
for deposited copper and silver clusters on various substrates and the comparison of the 
UPS results with results of free beam spectra are presented in chapter 8. Besides UPS 
measurements STM measurements are presented which are compared with computer 
simulations from Michael Moseler and Tommi Järvi from the Fraunhofer Institute for 
Mechanics of Materials IWM in Freiburg. Chapter 9 gives a summary of the results 
achieved during this work and an outlook on future experiments.  
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2 Cluster 
 
 
According to the Concise Oxford Dictionary a cluster is explained as “a group of 
similar things”. In accordance with this the word cluster is common in many fields. For 
example, in astrophysics the term is used for an accumulation of stars or for an 
agglomeration of computers in the IT-sector.  
In cluster physics the term cluster describes a conglomeration of N atoms or molecules 
with N=3 - 105 and a height of a few to a several hundred nano meters. Depending on 
their composition clusters may exhibit different binding types, like van der Waals 
attraction (He or Ar clusters), covalent chemical bonds (Si clusters) or metallic bonds 
(Na and Cu clusters) [6]. Additionally, they show different geometries and electronic 
structures. Clusters show properties intermediate between those of single atoms, with 
discrete energy states and bulk matter, characterized by continua or bands of states [7]. 
They represent a link between the fields of molecular and solid state physics. Methods 
and concepts of both fields have to be understood to describe the physical properties of 
clusters. In cluster physics the observed phenomena are discussed as a function of the 
cluster size. For example, the binding character of the atoms in silver clusters changes 
from a covalent bonding for small clusters [6] to a metallic bonding for large clusters or 
micro crystallites due to the fact that clusters have quantized or bulk-like properties 
depending on the cluster size. 
 
Clusters can be subdivided in four groups depending of the number of atoms per cluster 
[2]: 
• Microclusters (2<N<13 atoms): all atoms can be found at the surface of the 
cluster. Here a cluster can be treated like a molecule at low temperatures. 

• Small clusters (13N100 atoms): multiple isomers exist. As a result there are 
different energy levels and the methods of molecular physics begin to break 
down. First bulk-like properties begin to occur. 

• Large clusters (100<N1000 atoms): the transition to a bulk begins. 
• Micro crystallites (N>1000 atoms): most of the bulk properties are reached. 

 
The ratio between atoms on the surface of a cluster to atoms in the volume is very high 
[6, 2]. This is shown mathematically in [2]: 

 Reckoning a spherical cluster with a volume Vsphere= 
334 Rπ  and a surface 

Asphere=
24Rπ  (R= radius of the cluster) it becomes clear the smaller a cluster is the more 

atoms are at the surface:  

RRV

A
K

sphere

sphere 13
∝=∝ ,                                                  (1.1) 

 
with K as the ratio between the atoms on the surface of a cluster to the atoms in the 
volume. For a cluster with N atoms with a radius r for one atom the cluster radius R is 

rNR 3∝ . So the ratio K becomes 3

1
−

∝NK .  
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The main focus of this work is the investigation of the properties of metal clusters, 
especially silver and copper clusters, particularly with regard to their electronic and 
geometric properties. The clusters have been deposited onto different surfaces which 
change the general properties of the clusters compared with free beam clusters [8]. 
 
Certain cluster sizes show an enhanced stability due to electronic or geometric shell 
closings. This is described in detail in the two following chapters. 
 
 

2.1. Electronic magic clusters 
 
A model to describe the binding of small metal clusters is the spherical jellium model 
[9, 10, 11, 12]. It assumes a uniform background of positive charge, which replaces the 
positive ions, where electrons can move and are exposed to an external potential [6]. 
Simple forms of such a potential are an infinite harmonic potential or a spherical box 
potential with infinitely high walls. A more realistic potential is the Wood-Saxon 
potential, a finite deep box potential with rounded walls. The solution of the single 
electron Schrödinger equation for the three potentials is shown in figure  1.  
 
 

 
 
Figure 1: Energy-level occupations for different spherical symmetric potentials (harmonic, Wood-
Saxon and box potential). In cluster physics the quantum numbers follow the nuclear convention, 
so each shell is characterized by a radial quantum number n and an angular quantum number l. 
Levels with the same angular momentum are connected. The numbers on the levels indicate the 
accumulated electron count. [13] 
 
 

Clusters with closed electronic shells are the most stable ones. This is the case when the 
electronic levels are filled completely and a large gap exists between the highest 
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occupied level and the lowest unoccupied level in the cluster. The clusters are then 
called electronically magic clusters. So the magic numbers of the Wood-Saxon potential 
are: 2, 8, 18, 20, 34,…. etc. In 1982 KAPPES [14] and in 1984/85 KNIGHT et al 
[15[16] observed electronically magic clusters in mass spectra of sodium and potassium 
clusters for the first time. The spectra showed relatively high peaks for clusters with 8, 
20, 40 and 58 atoms (figure 2), indicating enhanced stability for this cluster sizes. This 
implies that the effective potential of a cluster is somewhere between a box and a 
Wood-Saxon potential [17]. 
 
 

 
Figure 2: Spectrum of sodium clusters. (a) experimental [15]; (b) dashed line, using Woods-Saxon 
potential [15]; solid line, using Clemenger-Nilsson model [18, 19].[13] 

 
 
In this sense a cluster is treated like one atom to describe its electronic properties. The 
atoms of the cluster are treated like the atom core and the valence electrons of all atoms 
are put together to form orbitals as in an atom, i.e. a cluster can be treated 
mathematically like an atom. Thus, in spherical clusters electrons occupy orbitals, as in 
an atom. With growing cluster size the orbitals get filled with electrons and when an 
electronic shell is full, enhanced stability occurs. This magic cluster sizes are equivalent 
to the rare gas atoms in the periodic system. Clusters with newly opened shells are less 
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stable because the electrons in these shells are less tightly bound. Thereby the mass 
spectra show an abrupt decrease in intensity after an electronically magic cluster size. 
 
In the spherical jellium model the clusters are supposed to be spheres. But this 
approximation is only reasonable for electronically closed shells. Open-shell clusters are 
unstable towards distortion due to the asymmetric distribution of the electrons in the 
cluster. This effect is called the Jahn-Teller effect [20]. In 1985 CLEMENGER [21] 
adapted the deformed nuclear shell model of NILSSON [22] to alkali clusters and found 
that nearly all of the fine structure in the spectrum appears within this model (figure 2). 
This model is called the Clemenger-Nilsson model. The assumption is that clusters with 
not totally filled shells can reduce their total energy by a deformation of the cluster 
shape and by the lifting of the degeneracy of the electronic shells. 
 
The Clemenger-Nilsson model [21] defines a distortion parameter  which is defined by 
[17] 
 

xz

xz

RR

RR

+

−
=δ ,                                                     (1.2) 

 
where Rz is the cluster radius along the rotational symmetry axis and Rx is the radius 
perpendicular to it. Additionally, the model assumes that the single particle potential is 
effectively the one of a three-dimensional harmonic oscillator. The resulting single-
electron levels are shown in figure 3. 
 
For 0=δ  the clusters are spherical and show the same electronically magic numbers, 
indicating closed shells, as in the experiment. For 0≠δ  the clusters deform to 
minimize their energy. A prolate deformation occurs typically when the uppermost shell 
is less than half filled and an oblate deformation occurs for an almost filled shell. The 
electrons in the distorted clusters are localised in subshells which have a lower energy 
than the electrons in the spherical clusters. Additionally, the spherical distortions cause 
subshell closings which can also be seen in the spectra [13] (figure 2).  
 
In this thesis silver and copper clusters are investigated. The theories described in this 
chapter for sodium and potassium clusters can be adopted to silver and copper clusters 
because they also have a s1-electron [23]. Therefore the same electronic magic numbers 
can be found for these two metals. The clusters in this thesis are positively charged for 
the purpose of mass selection (chapter 4.1.3 and 5.2). So the magic numbers are as 
follows: Ag3

+, Ag9
+, Ag20

+… Due to the positive charge, the electronic shells are closed 
for one cluster size higher.   
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Figure 3: Nilsson diagram of cluster energy levels as a function of the distortion parameter . The 
points in the figure indicate the position of the highest occupied level for each cluster, at the value 
of  corresponding to the assigned ground state. [21] 

 
 

2.2. Geometric magic clusters 
 
A second possibility to enhance the stability of clusters is the arrangement of the atoms 
to closed shells. This was observed for the first time 1981 by ECHT [24] for free xenon 
clusters (figure 4) and later by MARTIN [25] (experimentally) and STAMPFLI [26] 
(theoretically) for metal clusters. The clusters form so called closed-shell MACKAY 
icosahedra [27] (figure 5). 
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Figure 4: Mass spectrum of xenon clusters. The observed geometric magic numbers are marked 
(13, 55, 147). The other numbers exhibit additional caps on closed shell clusters (19 & 25 for the 
first closed shell cluster and 71 & 87 for the second). The numbers in brackets show a smaller 
effect. [24]  

 
 

 
Figure 5: A closed-shell 55 atom icosahedron and a portion of the next shell. [28] 

 
 
In the mass spectrum these geometric magic numbers show peaks with higher intensity 
indicating increased stability. Here, Xe13, Xe55 and Xe147 show geometrically closed 
shells and form MACKAY icosahedrons. The first icosahedron, with 13 atoms, is build 
from a shell of 12 atoms with a five-fold symmetry around one atom in the center. The 
other geometric magic clusters are formed by the attachment of new closed shells 
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(figure 5), e.g., the second geometric magic cluster (55 atoms) is formed by attaching 42 
atoms to the first icosahedron, forming an icosahedral lattice when the shell is 
completed [29]. The number of atoms to form an icosahedron with k shells is given by:  
 

( )∑=
++=

k

i
iN

1

2 2101 .                                                 (2.1) 

 
The enhanced stability of clusters with the shape of an icosahedron comes from the high 
number of next neighbor bonds due to the five-fold symmetry and the resulting high 
binding energy [26]. This also explains the rapid decrease in intensity after the magic 
numbers. During cluster formation, clusters with slightly more atoms than the geometric 
magic numbers, can easily evaporate atoms to regain the magic cluster size, whereas a 
high energy barrier prevents the evaporation of atoms for magic cluster sizes [24].  
 
A comparison of simulated and measured electron density of states shows that for cold 
metal clusters the electronic structure is highly degenerated for geometric magic clusters 
[30]. Furthermore sizes slightly below the closed shell ones maintain the MACKAY 
icosahedron geometry. But, in the intermediate size range, clusters close to electronic 
magic clusters and electronic magic clusters themselves still favour a more spherical 
shape due to the closed electron shells. 
 
Increased cluster stability due to the closing of atomic shells occurs especially for large 
clusters (for Na cluster, N>1500) [25, 26, 28]. For small clusters the atoms are highly 
mobile and thus have no difficulties to arrange themselves into a sphere-like 
confirmation due to electronic shell closings. For small metal clusters (sodium clusters 
with less than 20 atoms) it was shown that electronic effects dominate the shell structure 
[31].  Clusters with more than 1500 atoms are rigid, thereby new attached atoms stay 
where they condense and further growth takes place by the accumulation of shells of 
atoms [25, 28]. The exact cluster size for the transition from electronically dominated 
cluster stability to geometrically dominated cluster stability depends partially on the 
melting point of the cluster material [26]. Clusters with more than 104 atoms prefer the 
fcc structure. For bigger icosahedra the nonconstant distance between the atoms leads to 
an increasing potential energy and thus a decreasing binding energy. Hence the fcc 
structure becomes energetically favorable [2]. 
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3 Substrates 
 
 
This chapter briefly discusses the properties of the substrate materials used for cluster 
deposition. The substrates used were highly oriented pyrolytic graphite (HOPG), 
Ag(111), Cu(111) and Au(111). Additionally, 60 monolayers of xenon were adsorbed 
on the substrate materials to decouple the clusters from the substrate. 
 
 

3.1. HOPG 
 
 

 
Figure 6: Alignment of atoms in HOPG. [33]  

 
 
Graphite is a soft, black solid with a metallic shine. It is formed of layers with a 
honeycomb arrangement of carbon atoms which are strongly covalent bonded to each 
other. The distance between nearest neighbors is 0.142 nm, whereas the in-plane lattice 
constant is 0.246 nm [32]. In one layer each carbon atom develops three -bonds, with 
three other carbon atoms using a sp2-hybridisation [33]. Each carbon atom contributes 
with three valence electrons to the -bonds. The remaining valence electron contributes 
to a p-orbital perpendicular to the layers. The p-orbital of one carbon atom overlaps 
with the p-orbitals of the other carbon atoms forming a delocalized -orbital which 
ranges over the whole layer. All -orbitals together form an energy band which is half 
filled. Consequently, the conductivity parallel to a layer is high, but perpendicular to the 
layers low [33]. 
The interaction between the layers is weaker, so they can easily be shifted against each 
other or separated. The layers are held together by van der Waals forces and are spaced 
apart about 0.335 nm. Neighboring layers are shifted relative to each other and form an 
ABAB… stacking sequence and a lattice constant of 0.670 nm perpendicular to the 
layers [32].  
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Highly oriented pyrolytic graphite (HOPG) is a form of hexagonal graphite (figure 6). 
HOPG has a large grain size (about 3-10 µm) and a good c-axis orientation. The 
misorientation angle of the HOPG samples used in this thesis was 0.4°±0.1°. 
 
 

3.2. Fcc metals 
 
The metals used as substrate materials in this thesis are copper (electron configuration: 
Ar 3d10 4s1), silver (Kr 4d10 5s1) and gold (Xe 4f14 5d10 6s1). They have a face centered 
cubic (fcc) crystal structure. All metal samples used had a special orientation. If the 
metal crystal is cut along a plane given by the Miller indices (111), the resulting surface 
has the orientation (111) (figure 7). 
 
 
 

 
Figure 7: Above: fcc-structure; below: planes given by the Miller indices. [34] 

 
 
The Au(111) surface shows an extraordinary composition of the surface atoms. Gold 
shows significant deviations from an ideal fcc lattice structure on the surface due to 
missing bonding partners at the top layer. Au(111) forms a reconstruction at the surface 

with a ( ) 3123 ×±  unit cell [35]. Gold is the only fcc metal that exhibits a 

reconstruction of the closed packed (111) surface [35, 36]. At the surface regions with a 
fcc structure alternate with regions with a hcp structure (hcp= hexagonal closed 
packed), due to the fcc bulk structure of gold the regions with fcc stacking are wider 
than the domains with a hcp structure. The regions with hcp and fcc stacking are 
connected by partial Shockley dislocations. These dislocations add one atom per 

reconstructed unit cell, resulting in a contraction of the surface layer along the (111) 
direction [35, 36]. In figure 8 a STM image of the reconstructed Au(111) surface is 
shown.  
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Figure 8: Above: STM image of a Au(111) surface from ref. [36]. The reconstruction is clearly 
visible; below: Model of the reconstruction of the Au(111) surface. The crosses denote the positions 
of atoms in the second layer, whereas open circles denote the positions of atoms in the 
reconstructed top layer. C and A mark the regions of ABC (fcc) and ABA (hcp) stacking. The 
lattice defect at the boundary between these two regions corresponds to a bulk Shockley partial 
dislocation. The displacement of the atoms from the straight line which has been drawn in the 

( 011 ) direction is clear. [35] 

 
 
(111) noble metals have an interesting property in common. They develop Shockley 
surface states [37] which can be observed with ultraviolet photoelectron spectroscopy 
(chapter 6.2). These surface states are prototype quasi-two-dimensional electron states 
that appear in a projected energy gap of the bulk bands, due to the termination of the 
infinite crystal by the surface [37, 38]. They can only be found in the first few layers 
(figure 9). 
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Figure 9: Surface states at normal emission and T= 30 K for Au(111), Cu(111) and Ag(111) on a 
common energy scale, measured with He I radiation (h= 21.23 eV). [38] 

 
 
In a one-dimensional model the metal surface can be described as a semi-infinite 
periodic chain of identical atoms with the spacing a and a screening by the conducting 
electrons [39]. The termination of the chain represents the surface, where the potential 
tries to attain the vacuum level in the form of a step function, see figure 10. The 
resulting potential in the one-dimensional nearly-free electron model is 
 

gzVVzV gcos2)( 0+−= ,                                              (3.1) 

 

where 
a

g π2=   is the shortest reciprocal lattice vector of the chain, V0 the vacuum 

energy and Vg defines the amplitude. The solution of the one dimensional Schrödinger 
equation for the surface state is shown in figure 10. The electron density shows an 
exponential decay into the vacuum and the bulk and a maximum at the surface.  
 
 

 
Figure 10: One-dimensional semi-infinite lattice model potential (solid curve) and an associated 
surface state (dashed curve). [39] 
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The Schrödinger equation has to be calculated separately for z>0 and z<0. As a result, 
one obtains that the energy of the surface state falls in an energy gap of the width of 2Vg 
and that it has to decay in the direction of the bulk, because these electronic states are 
forbidden in the crystal. For a more detailed description of the surface state see ref. [37, 
39]. 
 
This consideration can be transferred to a three-dimensional theory [39].     
 
 

3.3. Xenon 
 
Xenon is a colourless, inert gas. Rare gases are characterized by a closed shell 
electronic structure and a weak interaction with substrates and among themselves due to 
van der Waals interaction. 
 
Xenon is used here as a buffer layer for cluster deposition and to shield the clusters 
from the influence of the substrate. If metal clusters are deposited directly on a metal 
surface, they deform due to the strong interaction between the cluster and the substrate 
[40]. In order to avoid this 60 monolayers (ML) of xenon are adsorbed on the surface 
(see chapter 5.1), thus, quasi-free clusters are created.  
 
With photoemission of adsorbed xenon (PAX) [41] it is possible to investigate some 
properties of surfaces, e.g, the work function of the substrate. The binding energy of the 
Xe 5p1/2 peak shifts with the work function of the underlying substrate. The dependence 
of the binding energy EFB of the Xe 5p1/2 peak on the work function ΦC is depicted in 
figure 11. 
 
 

 
Figure 11: Dependence of the binding energy EFB of the xenon 5p1/2 peak on the work function, ΦΦC, 
of clean low-index planes of transition metals, noble metals, semiconductors and oxides. [41] 
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The equation in figure 11 describes this dependence and was found via numerous 
experiments [41]. Considering two different uniform surfaces i and j one obtains from 
this equation:  
 

    ( ) ( )jijiE C
F
B ,, ∆Φ−=∆ ,            (3.2) 

 

with ( )jiEFB ,∆  as the difference in the binding energy of the two surfaces and ( )jiC ,∆Φ  

as the difference in the surface work functions. Thus, the shift of the Xe 5p1/2 peak 
observed for uniform surfaces seems to be completely associated with the difference in 
the work function of the substrates [41]. 
 
In addition the position of the Xe 5p1/2 peak shifts to higher electron binding energies 
with the amount of xenon adsorbed on a surface [42, 43]. The reason for this shift is the 
work function decrease of the substrate due to the adsorption of xenon [43], i.e., using 
the example of the first two monolayers, the first monolayer changes the work function 
of the surface and therefore the position of the 5p1/2 peak of the second xenon 
monolayer shifts. A surface covered with one momolayer of xenon is equivalent to a 
new sample with a work function ( )Xe101 ∆Φ+Φ=Φ . Hence the electron binding 

energy of one xenon atom in the second layer is shifted by ( )XeEB 101 ∆Φ=Φ−Φ=∆  

[43]. 
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4 Experimental Setup 
 
 
For cluster production different methods can be used [7], e.g., gas aggregation, super 
sonic expansion or laser vaporization. The method used for this thesis will be described 
in the following chapter, along with the process of mass selection of simply charged 
clusters. Additionally, the surface science facility of the “Lehrstuhl für experimentelle 
Physik E1a” of the “Technische Universität Dortmund” used for the experiments will be 
presented. 
 
 

4.1. Cluster Source Facility 
 
The cluster deposition machine (figure 12) at TU Dortmund is composed of three parts: 
 
• Cluster source: Here the clusters are generated by gas aggregation. A solid 
target is evaporated into an aggregation chamber filled with a cold inert gas [7]. 
After reaching supersaturation and after many collisions with the gas the atoms 
nucleate and form clusters of different size. The same principle is responsible for 
the formation of fog in nature. The cluster source used here is a magnetron-
sputter-gas-aggregation source [44]. 

• Cryo chamber: In this chamber the cluster beam is focussed and the rare gas 
necessary for cluster production is pumped. 

• Mass selector: In this chamber the clusters are mass selected before deposition. 
The mass selector used here is a time-of-flight mass selector [45]. 

 
 

 
Figure 12: Top: the cluster source facility with the magnetron-sputter-gas-aggregation source (1), 
the cryo chamber (2) and the time-of-flight mass selector (3); below: a cross section of the cluster 
source facility. [47] 
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The individual components of the cluster source facility will be described in the 
following sections. For a more detailed description see [46]. 
 
 

4.1.1. Magnetron-Sputter-Gas-Aggregation Source 
 
The clusters used here are produced by bombarding a target with argon ions. Argon gas 
is let into the target chamber and ionized. Then the argon ions are accelerated on the 
target due to a magnetron-cathode behind the target (figure 13). Because of the high 
kinetic energy of the ions metal atoms and electrons can be knocked out of the target. 
The electrons are forced in cycloid tracks due to a magnetic field applied vertically to 
the target. These electrons keep the ionization of the argon atoms running. An electric 
field is applied perpendicular to the magnetic field so the electrons move on closed 
circular type tracks perpendicularly to the cycloid tracks. The circular sputtered region 
of the used silver and copper targets are presented in figure 14.  
 
 

 
Figure 13: Schematic illustration of the sputter and aggregation process in the cluster source. Red 
arrows: argon ions are accelerated on the target and knock out atoms and electrons. Pink arrows: 
the atoms coalesce to clusters due to collisions with argon and helium atoms. Orange arrows: Due 
to the negative charge of the iris the clusters leave the aggregation region.   

 
 
The resulting metal atoms and molecules drift through the aggregation chamber where 
they collide with helium and argon atoms. Due to these collisions they lose a part of 
their kinetic energy, cool down and coalesce to clusters. 
 
In general the kinetic energy of the metal atoms (Me) has to be smaller then the binding 
energy of a dimer [2] so a stable metal dimer (Me2) can be build: 
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These dimers build condensation nuclei to grow bigger clusters. For a cluster source 
using argon ions the former condensation process changes slightly because argon 
dimers are very stable: 
 

Ar2
+MeN + Me +Ar  Ar2

+MeN+1 + Ar 
 
After the agglomeration of several metal atoms (5-10) the positive charge goes to the 
metal cluster and the now neutral argon atoms desorbs from the cluster [2].  
 
 

 
Figure 14: Copper and silver targets used for cluster production. The circular sputtered region can 
clearly be seen on both targets. The silver target is an American silver eagle.  

 
 
The pressure in the aggregation chamber is very small (10-7 mbar without gas, 10-2 mbar 
during operation) and the target is cooled down to -170 °C to abet the building of pure 
metal clusters. Due to the low pressure a collision with foreign atoms can be prevented. 
 
The clusters move through a negatively charged iris and ring to a negatively charged 
skimmer at the end of the aggregation source to enter the next chamber. The skimmer 
cuts the diffuse boundary area of the cluster beam and focuses it. Most components of 
the cluster machine are negatively charged to guide the positively charged clusters 
through the machine. At the skimmer one usually applies a voltage of 0 V to -10 V to 
guide the clusters through the opening.  
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4.1.2. Cryo chamber 
 
 

X/Y-
deflector

skimmer

electrodes

X/Y-
deflector

skimmer

electrodes

 
Figure 15: Schematic illustration of the clusters going through the cryo chamber. The green arrows 
picture the way of the cluster beam. The skimmer cuts off the diffuse boundary area of the cluster 
beam. Afterwards, the cluster beam reaches the ion optics. These three electrodes focus the 
incoming beam and the X-/Y-deflector plates change the vertical or horizontal direction. Therefore, 
the cluster beam can be led through the chamber. The rare gas atoms from the cluster source 
coming through the skimmer are pumped with a turbo molecular pump and a cryo pump. 

 
 
After passing the skimmer, a cone-shaped lens which cuts the diffuse boundary area of 
the cluster beam, the cluster beam enters the cryo chamber. Three electrodes forming an 
ion lens are stationed behind the skimmer (figure 15). At each electrode one can apply a 
different voltage (up to -1 kV) to focus the cluster beam. Afterwards, the cluster beam 
passes a X-/Y-deflector which is also under high voltage. With this deflector the cluster 
beam can be moved horizontally or perpendicularly. The goal is to perfectly guide the 
cluster beam to another lens called focus, marking the entrance in the time-of-flight 
mass selector (see next chapter).   
 
In addition the cryo chamber has the function to guarantee optimal vacuum conditions. 
Through the skimmer helium and argon from the cluster aggregation flow into the 
chamber and would also drift in the mass selector. This would lead to a contamination 
of the deposited clusters. To avoid this, turbo molecular pumps [48] are attached to the 
chamber which can keep the pressure low enough (10-8 mbar-10-6 mbar). Additionally, a 
cryo pump [48] is installed which supports the pumping down of argon. This pump 
works as follows: aeriform helium is pressed under a pressure of 15 bar through a pipe 
in a chamber at the cold head of the pump. There the helium experiences a change in 
pressure and cools down. The cold head can now reach a temperature of approx. 10 K 
and freeze the argon out. Unfortunately, the temperature is still too high to freeze out 
helium, so this gas can only be evacuated by the turbo pumps. 
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4.1.3. Mass selector 
 
In the mass selector the cluster beam is split up into parallel cluster beams containing 
only one mass. The positively charged clusters are accelerated in an electric field where 
they have a different acceleration depending on their mass. So it is possible to deposit 
only one cluster mass on the sample. 
 
A schematic drawing of the mass selector and the process of the mass selection is given 
in figure 16. 
 
 

 
Figure 16: Schematic of the time-of-flight mass selector. The incoming cluster beam is displaced 
vertically by an acceleration pulse and splits up due to different cluster masses. After a short 
drifting time a deceleration pulse stops the vertical movement and only the chosen cluster mass can 
leave through the exit slit.  

 
 
The mass selector works with the time-of-flight method [45]. The cluster beam enters 
the mass selector after passing a focussing electrode. The clusters are deflected 
downwards by a short high voltage pulse. The length of the pulse is chosen so that no 
clusters can leave the region between the two acceleration plates during the pulse. 
Because of their different masses but equal charge the cluster beam splits in several 
cluster beams containing one mass a time. With a force F affecting a particle with a 
charge q and a mass m in a homogeneous electric field E between two plates with a 
distance d the acceleration a for one particle is: 
 

F = m·a = q·E   
m

q

d

U
a ⋅= ,                                      (4.1) 

 
with U as the applied voltage between the acceleration plates. As a consequence, the 
clusters are deflected the more the smaller they are.  
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After a short acceleration time the electric pulse is shut down and the clusters move 
downwards with a constant speed. Then a second pulse is applied between the two 
deceleration plates which stops the movement downwards so the clusters move 
horizontally. Only the cluster mass which can go through the exit slit can be deposited. 
The other cluster masses hit the wall of the mass selector and remain in the chamber. 
The time the positive charged clusters need to travel from the acceleration region to the 
deceleration region depends on their mass, i.e. the timing of the two pulses is crucial for 
the transmitted cluster mass. When the acceleration pulse is over the acceleration region 
is again filled with clusters of the incoming cluster beam and the mass selection starts 
anew after a certain waiting time. Figure 17 shows a schema of the timing for the 
acceleration and deceleration pulses. 
 
 

 
 
Figure 17: Schematic of the timing of the high voltage pulses. p: pulse length, d: drift time between 
acceleration and deceleration pulse, w: time between consecutive acceleration pulses. Ua is the 
voltage applied to the acceleration and deceleration plates, respectively. [45] 

 
 
The mass resolution R of this mass selector is at the moment 7050−=R , i.e. clusters 
with up to 50-70 atoms (depending on the calibration) can be resolved separately. For 
detailed information about the mass resolution see ref. [45, 46, 47].   
 
 

4.2. Surface science facility 
  
In the low temperature-ultra high vacuum (LT-UHV) surface science facility (Omicron 
Nanotechnology) samples for cluster deposition can be prepared and analysed before 
and after deposition. The surface science facility [49] consists of a preparation chamber 
with an ultraviolet photoelectron spectroscopy (UPS) analysis system and an analysis 
chamber containing the LT scanning tunnelling microscope (STM) [50]. The two 
chambers are separated from each other by a valve. This valve is only opened when 
samples are transported from one chamber into the other by an x-y-z-sample 
manipulator. The sample manipulator has three sample holders. With the so called 
heatable (HB) -sample holder samples can be heated up to 800 K and in the LT-sample 
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holder they can be cooled down to T 10 K with the help of a liquid helium (LHe) flow 
cryostat [51]. In the third sample holder STM tips can be prepared in situ [52].  
 
Samples can be transferred into the preparation chamber with the help of a load-lock 
and a magnetic transfer rod, which can be pumped separately, and prepared in situ in the 
preparation chamber via cycles of heating and sputtering. Therefore, a sputter gun 
operated with argon [53] is attached to the preparation chamber. Additionally, they can 
be exposed to xenon to grow rare gas layers. 
 
The LT-STM is surrounded by two cryostats and can be cooled down to 77 K with the 
help of liquid nitrogen or down to 5 K with liquid helium. The STM is free of vibrations 
due to the use of spring suspension with eddy current damping. 
 
The pressure in both chambers is < 10-10mbar which is kept up by a system of turbo 
pumps, titan sublimation pumps and ion getter pumps [48]. The low pressure is 
important to prevent a contamination of the sample.  
 
A schematic of the surface science facility is shown in figure 18. 
 

 
Figure 18: Side view of the surface science facility. (A) LT-STM; (B) energy analyser; (C) 
connection to the cluster source facility; (D) x-y-z-sample manipulator; (E) custom-build LHe flow 
cryostat with full 360° of rotation; (F) ion getter and titan sublimation pumps; (G) LHe bath 
cryostat; (H) liquid nitrogen (LN2) dewar; (I) metal evaporation source; (K) storage carousel. [49]  
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5 Sample preparation 
 
 
Before cluster deposition the samples have to be prepared. This chapter describes the 
preparation procedures of the used substrates (HOPG and fcc metals) and the adsorption 
of the xenon layer. In addition, the process of cluster deposition will be explained. 
 
 

5.1. Substrates 
 
 

5.1.1. HOPG 
 
HOPG is chemical inert, therefore, the first preparation step can be done outside the 
UHV preparation chamber. As described in chapter 3.1, carbon atoms in HOPG are 
strongly bound in one layer but the layers are only weakly bound to each other. To 
obtain a clean and smooth surface it is sufficient to remove the first few layers by 
adhesive tape. Afterwards the HOPG sample is mounted onto a sample plate (figure 19) 
and transferred into the preparation chamber. 
 
Due to the exposure to air the sample is covered with a thin water layer. This water 
layer is removed by heating the HOPG sample for one hour at 600°C. After the sample 
cooled down it is clean and can be used as a substrate for cluster deposition. 
 
Additionally, 60 ML of xenon can be adsorbed on HOPG. Therefore, the sample has to 
be cooled down to 30 K and xenon is let into the preparation chamber at a pressure of 

7105.7 −⋅ mbar for 19 minutes. It was shown experimentally in previous works that at 
this pressure and after the given amount of time 60 ML of xenon grow on the HOPG 
sample [42].  
 
 

 
Figure 19: Photograph of a HOPG sample mounted on a sample plate with two tantalum stripes. 
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5.1.2. Metals 
 
The metals have to be prepared in a different way than the HOPG sample. After 
attaching the metal sample to a sample holder and transferring it into the preparation 
chamber it has to undergo several preparation steps.  
 
The first step is to heat the sample up to several hundred degrees for one hour.  Thereby 
the water layer is removed from the sample and impurity atoms located in the bulk can 
diffuse to the surface. In a second step the sample is sputtered [53] for one hour with     
1 keV argon ions at room temperature. This removes the top monolayers from the 
sample and removes adsorbates from the surface. After this procedure the surface is full 
of defects. These defects can be healed out by an additional annealing step. It is 
important that the second annealing step takes place at a lower temperature than the first 
one to avoid a new diffusion of impurity atoms to the surface. The three preparation 
steps for the different metal samples are shown in table 1. 
 
The result of the preparation can be checked for the (111) single crystals with the help 
of ultraviolet photoelectron spectroscopy (UPS). The Shockley surface state is only 
visible when the surface is free of adsorbates and other impurities. Thus, when the 
surface state is clearly visible in the spectra the sample preparation was successful 
otherwise the preparation has to be repeated.    
 
 
substrate  1st annealing step  Sputtering  with 

1 keV Ar ions 
2nd annealing step 

Ag(111) single crystal  1 h at 550°C  1 h at RT  1 h at 430°C 
Cu(111) single crystal  1 h at 500°C  1 h at RT  1 h at 400°C 
Au(111) single crystal  1 h at 600°C  1 h at RT  1 h at 475°C 
Au(111)/mica  1 h at 500°C  1 h at RT  1 h at 300°C 
Table 1: Preparation steps for the used metal substrates. 

 
 
Au(111)/mica is a substrate used for STM measurements. Mica includes a group of 
sheet silicate minerals with a close to perfect basal cleavage. This nearly perfect 
cleavage comes from the hexagonal sheet-like arrangement of its atoms. This extremely 
flat surface leads to the growth of (111) oriented gold terraces, if gold is evaporated on 
mica at T= 500°C [54]. 
 
The adsorption of 60 ML of xenon on the single crystals works like already described 

for HOPG. The sample is exposed to xenon at a pressure of 7105.7 −⋅ mbar  for              
19 minutes at 30 K respectively 45 K, to avoid desorption of the xenon layers the 
sample is cooled down afterwards. The higher adsorption temperature of 45 K was used 
in later experiments to form a smoother xenon surface.  
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Figure 20: Metal samples used. Left: Ag(111); Middle: Cu(111); Right: Au(111).   
 
 

5.2. Cluster deposition 
 
After the substrates are prepared clusters can be deposited on the samples. Thereto the 
desired cluster size has to be adjusted. This is possible with two Labview programs [55] 
where the mass of a cluster can be selected. With the help of these programs a mass 
spectrum can be taken. This is necessary because of the mass resolution of the mass 
selector. Cluster sizes up to 50 atoms can be resolved separately but for bigger clusters 
the masses have to be evaluated. Therefore, the peak position of the small cluster sizes 
has to be defined, from this the masses of the bigger clusters can be deduced. For this 
procedure David Engemann wrote a program in his diploma thesis which automatically 
finds the peak maxima in a mass spectrum and calculates the masses for the desired 
cluster sizes [56]. In figure 21 a mass spectrum and the corresponding best-fit line of the 
cluster sizes is depicted. 
 
The cluster current of the desired cluster mass is measured with the help of a Faraday 
cup [46] positioned in the preparation chamber. For a successful deposition the cluster 
current must be at least 1 pA. To avoid cluster fragmentation during deposition the 
clusters are slowed down before reaching the sample i.e. their kinetic energy is reduced. 
This is called soft landing [57, 58]. For this purpose a countervoltage is applied to the 
sample which is defined as follows. The cluster current is measured for different 
voltages applied to the sample (figure 22). From a certain voltage forward the current 
begins to decrease i.e. not all cluster have enough energy to reach the sample. For soft 
landing the countervoltage applied to the sample is the voltage where 80% of the 
clusters reach the sample.  
 
The average energy of the clusters is the energy where only half of the clusters reach the 
sample. The kinetic energy of the clusters deposited when 80% of the clusters reach the 
sample can be calculated as follows: 
 

Ekin(cluster)=Ekin(50% reach the sample)-Ekin(80% reach the sample)   
 
The cluster coverage is given by the cluster current and the deposition time 
(coverage[pAmin]=current[pA]*time[min]). It is important to choose a coverage where 
the clusters do not coalesce but stay well separated from each other. On the other hand 
the coverage must be high enough to guarantee good measurement conditions i.e. there 
must be enough clusters on the sample for a sufficient signal. The coverage for each 
experiment and for the different cluster sizes can be found in the appendix. 
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Figure 21: The black curve represents a mass spectrum of copper clusters taken with the 
equipment described above. The red line represents the best-fit line for bigger cluster sizes and the 
resulting formula as calculated with the program of David Engemann. [56] 
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Figure 22: Cluster current versus sample voltage using the example of Cu923 clusters. The red line 
marks the counter voltage of the sample the clusters were deposited on and the blue line marks the 
average energy of the clusters (only half the clusters have enough energy to reach the sample at this 
counter voltage). 
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The deposition spot has a diameter of 1 mm due to a new movable focus lens attached 
to the ion optics of the cluster source facility [59] build by Niklas Grönhagen. For UPS 
measurements the deposition spot contains approx. 9500 cluster/µm2 and for STM 
measurements approx. 1900 cluster/µm2. 
 
For a more detailed description of the procedure of cluster deposition see ref. [47, 59].  
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6 Measuring techniques 
 
 
The deposited, mass selected clusters were investigated with scanning tunnelling 
microscopy and ultraviolet photoelectron spectroscopy. The working principle and the 
measurement procedure of these two techniques are described in this chapter. 
Additionally, the working principle and implementation of a heatable LiF window for 
an argon gas discharge lamp are presented. 
 
 

6.1. Scanning tunnelling microscopy 
 
Scanning tunnelling microscopy (STM) is a measuring technique to take topographic 
pictures of conductors and semi-conductors with atomic resolution. Thereto, a sharp 
metal tip is scanned in a certain distance over the surface of a sample and the current 
between tip and sample is measured as a function of the position [60]. The STM was 
developed by BINNING and ROHRER in 1982 [61, 62]. 
 
The distance between tip and surface represents a potential barrier (figure 23), due to the 
quantum mechanical tunnelling effect [63] electrons can pass through this barrier with a 
certain probability. This tunnelling current I is given by the height of the potential 
barrier and by the distance d between the tip and the sample. Tunnelling through a one 
dimensional barrier is, e.g., described in [64]. For small voltages applied between tip 
and sample the tunnelling current simplifies further to: 
  

qdeI 2−∝  with Φ= 2
2
h
emq ,                                               (6.1) 

 
with me as the free-electron mass,  as the effective height of the potential barrier and 
the Planck constant h. From this it follows that the tunnelling current is higher the 
smaller the distance between tip and sample is. 
 
The topographic images taken with the STM do not picture atoms directly, but the local 
density of states (LDOS) of the surface near the Fermi energy [65]. Thus, the LDOS of 
the surface and the tip have an influence on the topographic image and it represents a 
contour map of constant surface LDOS. Depending on the polarity of the applied 
voltage it is possible to image the occupied states of the sample (negative voltage 
applied to the sample) or the unoccupied states (positive voltage applied to the sample). 
 
The STM tip used here is made of a tungsten tip which is etched electrochemically in 
KOH or NaOH ensuing a cycle of in-situ sputtering, heating and self-sputtering. The 
goal is to create a clean tip with ideally one atom on top. The tip is approached to the 
sample to less than 1 nm distance and then scanned over the sample, thereby the tip is 
moved by piezo elements [66]. Piezo elements are ceramics which change their 
dimensions due to an applied voltage. The STM used during this thesis has a piezo 
element in the shape of a tube. Applying a voltage to one side of the tube leads to a 
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change of the dimensions of this side so the tube bends to one direction. Thus, the tip 
can be moved in x- and y- direction over the sample. If a voltage is applied to the whole 
tube the tip moves in z-direction.  
 
 

 
Figure 23: Top: model of a one dimensional potential barrier between tip and sample, which have 
an equal work function . Bottom: a wave (A) penetrates a potential barrier, decays exponentially 
(B) and leaves the barrier with a smaller amplitude than before (C). [47] 

 
 
A STM can be operated in two different modes (figure 24): 
• Constant height mode: In this mode the distance between tip and sample is kept 
constant. Scanning over the sample changes the tunnelling current due to the 
roughness of the surface and the resulting change in distance between tip and 
surface.  

• Constant current mode: In this mode the tunnelling current is kept constant. The 
topographic image emerges from the changing z- position of the  tip which is 
regulated with the help of an electronic circuit. 

 
The method of choice to measure clusters on surfaces is the constant current mode. This 
mode is slower than the constant height mode but more secure because collisions with 
objects on the surface (e.g., clusters) can be avoided.  
 
The disadvantage of scanning tunnelling microscopy of clusters is that the height of 
pictured objects can be defined precisely, but not their width. This behaviour is shown 
in figure 25. A real STM tip is an inhomogeneous 3D body. When the tip approaches an 
object a tunnelling current flows from the side of the tip. The result is that the tip “sees” 
the approaching object and no collision occurs between the tip and the object (constant 

Z 
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current mode). But, additionally, the object is imaged wider than it actually is. Thus, the 
STM image is a convolution of the shape of the tip and the imaged object.    
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Figure 24: Schematic of the two operation modes. Left: constant current mode, right: constant 
height mode. In this thesis only the constant current mode was used. 

 
 

 
Figure 25: Top: line profile of a surface scanned by a STM tip and broadening effect due to the 
convolution of tip shape and object on the surface. Bottom: Trajectory and shape of the same STM 
tip. [47] 

 
 
As mentioned above, the contrast in a STM image is linked to the LDOS of the sample. 
Therefore, “bright colors” in a STM image do not always mean a “high” object. In [67] 
it was shown that adsorbates with a low electronegativity (e.g., carbon) are pictured as 
bumps in a STM image whereas adsorbates with a high electronegativity (e.g., oxygen) 
show depressions.  Thus, the interpretation of STM images is not always easy. 
 
For more detailed information about scanning tunnelling microscopy see, e.g., ref [66, 
68]. 



Measuring Techniques 

 42

For a STM measurement different cluster sizes are deposited on up to nine deposition 
spots on the same sample (figure 26) to ensure the same experimental conditions. This 
makes it easier to compare the obtained results. The size of a deposition spot is approx. 
1 mm in diameter. The cluster spots are then measured in turn with the STM at 77 K or 
5 K, respectively.   
 
 

      
Figure 26: Schematic of a sample with nine deposition spots (red). Each spot can contain another 
cluster size and different coverages.  

 
 

6.2. Ultraviolet photoelectron spectroscopy 
 
Ultraviolet photoelectron spectroscopy (UPS) enables the measurement of occupied 
electronic states in a sample. It is based on the phenomenon of photoemission which 
was detected for the first time by HERTZ [69] in 1887. In 1905 EINSTEIN [70] was 
able to explain the photoelectric effect by invoking the quantum nature of light. For this 
achievement he obtained the Nobel price in 1921. 
 
The principle of an UPS experiment is sketched in figure 27. A sample is irradiated by a 
light source (here a gas discharge lamp) and the photons transfer their energy to the 
electrons in the sample. The impinging photon is absorbed by an electron which, thus, is 
excited, then the electron is transported to the surface and can afterwards escape 
through this surface. This is called the three-step-model [71, 72]. The detected electrons 
exhibit spectra which represent the electronic bands the electrons come from. Knowing 
the kinetic energy of the emitted electrons Ekin, the energy of the light ωh  and the work 
function Φ the binding energy of the electrons EB can be determined with the 
EINSTEIN equation: 
 

Bkin EE −Φ−=ωh .                                          (6.2) 

 
The photoelectron spectrum is proportional to the joint density of states (JDOS), taking 
into account the initial and final electron state [71, 73]. With increasing photon energy 
the structure of the final states disappears, thus, the measured signal shows the occupied 
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electronic states of the sample. In figure 27 a schematic shows the relation between the 
energy levels in a solid and the electron energy distribution obtained with UPS.  
 
 

 

 
Figure 27: Top: Schematic of an UPS experiment. Bottom: Relation between the energy levels in a 

solid (metal) and the electron energy distribution produced by photons of the energy ωh . [71] 

 
 
The photon energy used for UPS lies in the ultraviolet regime (11.62 eV and 21.22 eV 
here) and it is therefore very surface sensitive. With the help of the photon energy it is 
possible to adjust the sensibility of the photo emission for particular electronic states 
[74]. In general, one can say the lower the photon energy, the better electronic states 
near the Fermi edge can be measured. The detection depth for UPS measurements is in 
the region of  1 nm [73, 74]. Thus, it is very important to work with atomically clean 
surfaces and under UHV conditions.  
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For the interpretation of UPS measurements on clusters it is important to know how the 
intensity of the UPS signal depends on the cluster size. This dependence is explained in 
detail in [75] and will be discussed only shortly in the following.  
 
Within the three-step model the excited electron is transported through the sample until 
it reaches the surface. The probability of the escape of an electron is dependent on its 
initial depth z (considering a cluster z is the cluster height h; and at the surface of the 
sample it is z= 0) and is limited by the inelastic mean free path (IMFP) . The number 
of emitted electrons per time n for a cluster is: 
 

()∫
−⋅=

h
z dzezAnn

0

/
0

λ ,               (6.3) 

 
where n0 is the number of excited photoelectrons per time and sample volume (n0 is 
assumed to be constant since the overall photon penetration depths is much bigger than 
the electron IMFP) and A(z) is the cluster area. 
 
For simplicity a cylindrical cluster is assumed which has the same height and diameter 

(d= h). This results in a cluster volume of 3

4
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In addition to the number of emitted electrons the overall intensity of an UPS spectrum I 
is dependent on the cluster density C in the measuring spot: 
 

()VnI C⋅∝ρ .             (6.5) 

 
Equation (6.4) has two limits: for small clusters the intensity of the UPS signal is 
directly proportional to the average cluster volume V because the IMFP is bigger than 
the cluster heights. For large clusters the signal is proportional to V2/3 because the 
emission of the projected cluster surface dominates [75]. In figure 28 the change of the 
photoelectron intensity depending on the cluster volume is presented. The electron 
escape depth was determined with the following formula from ref. [76] for copper and 
silver clusters measured with ArI radiation: 
 

kin

kin

EB
E

A
+=

2
λ  with A= 143 nm·eV2 and B= 0.054 nm·eV-1/2 .        (6.6) 

 
The reference energy for Ekin is the Fermi level of the sample (here Ekin= 7 eV).  
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Figure 28: Calculated photoelectron intensity versus cluster volume for a cylindrical cluster with 
d/h=1. The electron escape depth was calculated with the help of equation (6.6) for copper clusters 
measured with ArI light (11.62 eV). 

 
 
An effect which has to be taken into account while interpreting UPS spectra of clusters 
is the so-called dynamic-final-state-effect [73, 77]. A schematic of this effect is 
presented in figure 29. For free clusters the final state effect is characterized by the 
excited electron and the corresponding hole in the cluster. This positive charge state 
remains constant over a time scale sufficient to let the electron leave the cluster. The 
results are well defined, sharp spectral electron lines. For deposited metal clusters the 
size dependent energetic shift is changed due to the interaction with the surface. 
Directly after the electron escapes the cluster the electron hole interaction is just like for 
free clusters. But after a certain time  the photohole can be screened or neutralized, and 
the resulting change of the interaction affects the kinetic energy of the electron. This 
leads to a broadening of the spectral lines.  
 
The UPS facility consists of a gas discharge lamp and a spherical electron analyzer [71]. 
The electrons emitted by excitation with the gas discharge lamp exit the sample under 
normal emission1. The extracted electrons are then focused by an electrostatic lens and 
enter the analyzer trough an entrance slit. After passing the spherical electron analyzer 
the electrons reach five independently working channeltrons [78] through an exit slit.  
 
The measurement spot of the electron analyzer has a diameter of 1.2 mm. The size of 
the spot was measured by mounting a thin tantalum wire on an HOPG sample and 
measuring the metal signal with UPS (figure 30) [56]. The size of the deposition spot is 
approx. 1 mm in diameter (chapter 5.2). Thus, it is possible to measure the whole 
deposition spot with one UPS measurement. But this also means that the measured 
spectra are averaged spectra of the whole irradiated area. With UPS it is not possible to 
measure individual cluster spectra, but only average spectra of all clusters deposited in 
one deposition spot. 

                                                 
1 However, the angle of the sample can be changed with the help of the sample manipulator so that angle 
resolved measurements are possible. 
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Another method using the photoelectric effect is XPS (X-ray photoelectron 
spectroscopy) using X-ray radiation (> 1000 eV) [71]. This method is less sensitive with 
respect to electronic states near the surface, but can detect electronic states deeper in the 
bulk. The method of inverse photoelectron spectroscopy [71, 79] uses electrons with an 
energy E which impinges the sample and, by being decelerated, emit bremsstrahlung 
which is then detected. With this method it is possible to measure the density of 
unoccupied states in the sample. 
 
For more detailed information about ultraviolet photoelectron spectroscopy see, e.g., ref 
[71, 72]. 
 
 

 
Figure 29: Schematic of the photoemission process from a metal cluster. (a) For a free cluster the 
photohole persists within the relevant electron-hole interaction time and the kinetic energy of the 
photoelectron is lowered. (b) Immediately after the photoexcitation in a supported cluster the 
electron-hole interaction is like in (a), but after a certain time t the photohole may be screened or 
neutralized and the corresponding change of the interaction affects the kinetic energy of the 
electron. The smaller the distance vt at the time t, the larger the influence on the kinetic energy. [73] 

 
 
For UPS measurements four deposition spots are deposited on one sample. In a first step 
a cluster spot with a very high coverage is deposited. The position of this deposition 
spot is detected with the help of UPS (figure 31) and from the position of this spot the 
positions of the other spots can be calculated before deposition. From these “empty” 
spots (the positions of the later deposition spots) UPS spectra are taken as reference to 
extract the cluster signal from the background after deposition. Afterwards the other 
three cluster spots are deposited and measured via UPS.  
 
In addition to the actual measurements of the deposition spots measurements of an area 
without clusters are made. These substrate spectra are taken before and after cluster 
deposition and after the whole measurement. A comparison of the spectra of the same 
empty spot taken at different times gives information about the contamination of the 
sample during the measurement. 
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Figure 30: Size of the UPS spot measured with the help of a tantalum wire with a diameter of       
0.2 mm. The x-axis describes the position of the sample manipulator. The manipulator was moved 
in a way so that the measurement spot crosses the tantalum wire and the tantalum UPS signal was 
measured. From the full width at half maximum (FWHM) the size of the UPS spot can be depicted.  

 
 
After all deposition spots are measured the rare gas layer is desorbed from the surface 
by heating up the sample. When the rare gas layer completely vanished the position of 
the Fermi edge of the sample holder is measured. The position of the Fermi energy is 
later used as reference energy and set to zero. 
 
 

 
Figure 31: Schematic of a sample with four deposition spots for UPS measurements (red). Each 
spot contains another cluster size with a different coverage. The blue dot marks the UPS 
measurement spot. It covers the whole deposition spot. 
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6.3. Argon discharge lamp 
 
In the course of my diploma thesis [80] a construction for a heatable LiF window for the 
existing gas discharge lamp was developed which was launched during this dissertation. 
For construction details see [80].  
 
Before the change to argon the gas discharge lamp was operated with helium. A 
schematic of the gas discharge lamp and the additional construction for the LiF window 
is depicted in figure 32. During the operation with helium the gas was able to float into 
the preparation chamber which causes a contamination of the sample due to residual gas 
in the helium. Another disadvantage of the helium gas discharge lamp was the low 
sensibility for the electronic states near the Fermi edge as described above. Therefore, 
the operating gas of the gas discharge lamp was changed to argon.  
 
 

 
Figure 32: Schematic of the gas discharge lamp [81] and the construction for the heatable LiF 
window [80]. 

 
 
The spectrum of an argon gas discharge lamp is shown in figure 33. The argon spectrum 
consists of several spectral lines from which the first (ArI= 11.62 eV) and the second 
(ArII= 11.83 eV) lie close to each other. Measuring with an argon gas discharge lamp in 
the energy region of the ArI line, thus, leads to a doubling of the spectral features, i.e. 
all peaks in an UPS spectrum are imaged twice. This phenomenon can be eliminated by 
positioning a LiF window in front of the gas discharge lamp and heating it to a certain 
temperature. The transmission cutoff of the LiF window travels with increasing 
temperature to smaller energies. For a certain temperature all peaks except the ArI line 
are cut off resulting in a monochromatic light source. This is described in more detail in 
[82, 83].  
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       Photon energy (eV) 
 

Figure 33: VUV spectrum of an Ar gas discharge. The black (dashed red) line represents the 
transmission cutoff of LiF. [82] 

 
 
In figure 34 the surface state of an Ag(111) surface is illustrated for different window 
temperatures. The left peak comes from the ArI line and the right peak from the ArII 
line. With increasing window temperature the right peak disappears. At a window 
temperature of 345 K the peak resulting from the ArII line is so small that it disappears 
in the background signal and the peak resulting from the ArI line remains. However, the 
intensity of the first peak also decreases a bit whereby a further increasing of the 
window temperature would be counterproductive.   
 
The holder for the LiF window was constructed in such a way that the gas of the 
discharge lamp cannot enter the preparation chamber and, therefore, no contamination 
of the sample occurs even at very low sample temperatures. The pressure in the 
chamber before the installation of the LiF window was 10-8 mbar during UPS 
measurements due to the gas from the discharge lamp. Now the pressure during an UPS 
measurement is in the region of 10-11 mbar.  
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Figure 34: Temperature dependent transmission of the LiF window measured at the Ag(111) 
surface state. With increasing window temperature the surface state caused by the ArII line 
disappears until at 345 K the peak perishes in the underground signal. 
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7 Free beam clusters 
 
 
In the course of this thesis the results obtained with UPS for deposited clusters are 
compared with results of UPS measurements of free beam clusters. The data for free 
beam clusters presented in this thesis come from two sources: Most of the data were 
measured at the Albert-Ludwig-Universität in Freiburg and were taken by the group of 
Bernd von Issendorff (measured with 6.43 eV). Additional data were extracted from two 
papers of CHESHNOVSKY et al. [84, 85] (measured with 7.9 eV). Therefore, a short 
introduction to the measurement procedure of free beam clusters will be given in this 
chapter as used by the group of Bernd von Issendorff. For a more detailed description of 
this topic see ref. [8, 17]. 
 
 

7.1. Experimental setup 
 

 
Figure 35: Scheme of the experimental setup as used for the production and measurement of mass 
selected free beam clusters. [8] 

 
 
The clusters are produced in the cluster source (used here: magnetron sputter source or 
thermal evaporation source [2]) and, in the case of the thermal evaporation source, 
charged by an additional discharge ring mounted at the end of the aggregation tube of 
the cluster source. Then they reach a tandem-reflectron time-of-flight mass spectrometer 
[8] after passing a cube chamber. In the cube chamber the clusters can be cooled down 
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and stored. The stored clusters can then be released into the time-of-flight mass selector. 
The storing of the clusters increases the cluster beam intensity because more clusters 
enter the mass selector, but this leads to a pulsed cluster current. The mass selected 
clusters are then decelerated and irradiated by an ultraviolet laser pulse in the interaction 
region of a magnetic bottle type time-of flight photoelectron spectrometer [8, 86]. There 
the kinetic energy of the electrons is measured and converted into electron binding 
energy. With the help of an applied magnetic field nearly all electrons emitted from the 
clusters can be detected independent of the direction the electrons are emitted. The 
electron spectra are accumulated for a few thousand laser shots to reduce the statistical 
error. Figure 35 shows a schematic of the experimental setup. 
 
Free beam binding energy spectra of copper clusters taken by the group of Bernd von 
Issendorff are presented in figure 36. In contrast to UPS spectra of deposited clusters the 
reference energy (E=0 in the graphs) here is the vacuum energy Evac of the system. The 
position of the vacuum energy is determined by calibrating the spectrometer with the 
known photoelectron spectrum of Pt- [87]. Mathematically the binding energy in the 
spectra is determined by subtracting the photon energy from the electron kinetic energy 
spectrum. For deposited clusters the reference energy is the Fermi energy EF of the 
apparatus (EF= 0). Based on the Fermi energy as highest occupied level the energy 
scale for deposited clusters is negative for energy levels deeper in the cluster. The 
reason for this is that also unoccupied levels can be investigated which are depicted 
with a positive energy scale. Therefore the occupied levels measured with UPS are 
depicted with a negative sign and the energy scale is referred to as “energy”. For free 
beam spectra the energy scale is positive and is from now on referred to as “binding 
energy”.   
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Figure 36: Free beam spectra of mass selected, negatively charged copper clusters with 55, 92 and 
147 atoms. [8] 
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7.2. Comparison of free beam spectra with 
spectra of deposited clusters 

 
As mentioned above, the free beam clusters measured by the group in Freiburg and 
CHESHNOVSKY et al. are negatively charged. Our deposited clusters on the other 
hand are neutral due to charge transfer with the substrate. For a comparison of the UPS 
spectra of the negatively charged free beam clusters with the neutral deposited clusters 
the shift in the spectra due to the charge of the clusters has to be taken into account.  
 
The ionization energy needed to extract an electron from a big cluster is given by 
 

( )
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α
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R

e
ZEi

4

2

,                                                   (7.1) 

 
with Φ for the work function of the material, Z is the cluster charge,  a material 
dependent constant value,  the dielectricity constant for the surroundings of the cluster, 
R the radius of the cluster and  the spill-out of the electrons [88]. The spill-out of the 
electrons  describes the distance (1 Å in this case) the LDOS of the electrons exceeds 
the cluster radius R given by the atoms. For smaller clusters (N= 20-200) the situation is 
not so simple, because the ionization energy changes strongly with the cluster size due 
to the closing of electronic shells at electronic magic clusters sizes [8]. But, this 
behaviour does not change the results of the following discussion.  
 
The effective shift between neutral (Z=0) and negatively charged clusters (Z= -1) is 
given by 
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e
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.                                                       (7.2) 

 
In the previous section it was mentioned that free beam clusters have a different 
reference energy than deposited clusters. For deposited clusters the reference energy is 
the Fermi energy EF of the substrate and for free beam clusters it is the vacuum energy 
Evac of the system. For a comparison of the UPS spectra it is hence necessary to change 
the reference energy of the free beam spectra from the vacuum energy to the Fermi 
energy. 
 
For cluster anions in a free beam the onset of their spectra can be arranged at the 
electron affinity underneath the vacuum energy. The electron affinity is the binding 
energy needed to extract an electron from a negatively charged atom, molecule or 
cluster. Its binding energy marks the beginning of the free beam spectrum. With the 
Fermi energy of the substrate as reference energy, the onset of the cluster spectra for 
free beam clusters can be arranged at Φsubstrate-Ebinding energy. To compare the neutral 
deposited clusters with the charged free beam clusters an additional shift is needed 
which comes from the charge of the free beam clusters and shifts the spectrum to 
smaller energies (Ei). The resulting shift to compare the UPS spectra of charged free 
beam clusters with the UPS spectra of neutral clusters deposited on rare gas layers looks 
as follows (figure 37): 
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Eenergy=Φsubstrate-Ebinding energy-Ei.                                       (7.3) 
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Figure 37: Schematic of the shift of deposited clusters and free beam clusters using the example of 
Cu55 clusters. The Fermi edge of the substrate lies under the vacuum energy by the value of its 
work function. The deposited Cu55 clusters are isolated from the substrate due to the rare gas layer. 
Therefore, the spectrum of the deposited clusters lies by the value of the charging energy times  
plus the work function of copper under the vacuum energy. The free beam clusters are also isolated 
because they were measured in vacuum and are negatively charged. Therefore, the spectrum has to 
be shifted by the amount of the electron affinity and the charging energy to lower energies to 
compare free beam cluster spectra with those of deposited clusters. [89] 

 
 
In this thesis clusters deposited on rare gas layers with a thickness of 60 ML are 
investigated. These clusters experience nearly no interaction with the substrate due to 
the isolating rare gas layer and are called “free clusters on a substrate” [90]. Their 
highest occupied electronic states do not align to the Fermi energy. Instead they can be 
compared to free beam clusters, as discussed above. In ref. [90] it is shown that for big 
gold clusters (N> 1000) deposited on 60 ML xenon on a Pb(111) substrate the onset of 
the cluster spectrum lies about the amount of the difference of the work function 
between cluster and substrate ( ) and  times the charging energy 

(
( )δπε

α
+

=
R

e
EC

4

2

) below the Fermi energy (figure 38). The contribution from the 

charging energy comes from the final state of the photoemission process (see chapter 
6.2). 
 
If the work function of the cluster material is equal or close to that of the substrate 
material (e.g., for polycrystalline copper on HOPG or Cu(111)), mainly the charging 
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energy remains as shift from the Fermi energy for larger clusters (see top curve in figure 
37). However, changes due to variations in  and the dielectricity constant  of the 
surroundings have to be considered. 
 
But, it has to be mentioned that also clusters deposited on conducting surfaces (e.g. 
HOPG) show a shift of the onset of the cluster spectrum. The reason for this is that the 
clusters show a gap between the highest occupied orbital and the lowest unoccupied 
orbital (this is not visible with UPS) which is located around the Fermi edge for 
conducting surfaces. This is indicated, e.g., by STS experiments [47, 59, 80]. This gap 
becomes smaller for bigger clusters and closes if the bulk limit is reached. 
 
 

 
Figure 38: Shift of the Fermi edge due to the work function difference ∆Φ (dark grey arrows) 
between Au and Pb. The difference between the shifts for Au/Xe/Pb and Pb/Xe/Au could be 

explained by the cluster charging energy (EC= iE∆α ; light grey arrows). [90] 



Free Beam Clusters 

 56

 

 
 
 
 
 
 
 
 
 
 



Experimental Results 

 57

8 Experimental results 
 
 
This chapter presents the experimental results received during this work. It begins with 
measurements of clusters deposited on pure substrates. Clusters deposited directly on 
HOPG, Ag(111) and Au(111) are measured with UPS and STM with regard to the 
cluster surface interaction and the right amount of deposited clusters. Afterwards 
clusters on rare gas layers are probed with UPS. Here the clusters show a very weak 
interaction with the surface and can be treated as “quasi-free”. The obtained UPS 
spectra of this “free clusters on a substrate” are then compared with free beam cluster 
spectra. 
 
The programs used for the analysis of the measured data are EIS Sphera of the Omicron 
company and Origin 8.5 for UPS measurements. For measurements with the STM the 
programs WSxM [91] from the Nanotech company, Scala SPM SO 2.2 from the 
Omicron company and a program developed by Niklas Grönhagen during his diploma 
thesis called clusterizer [92] were used.  
 
 

8.1. Clusters on pure substrates 
 
Clusters deposited on substrates interact with the surface. This interaction can cause a 
change in the properties of the cluster depending on, e.g., its electronic and/or geometric 
structure [40, 93]. This has to be taken into account when working with deposited 
clusters. However, not all surfaces have the same effect on a cluster, e.g. a metal surface 
causes a metal cluster (as used in this thesis) to deform strongly [40], whereas HOPG 
causes nearly no deformation [94]. This arises from the different properties of the 
substrate materials. As already mentioned HOPG is an inert material (chapter 3.1) and, 
therefore, the clusters are only weakly bound to the substrate, thus, the electronic and 
geometric properties of the cluster are preserved which makes it a good substrate for the 
investigation of deposited clusters.  
 
 

8.1.1. UPS on silver and copper clusters deposited 
on HOPG  

 
The measurements presented in this chapter were made with the helium gas discharge 
lamp before the change of the operating gas to argon and the application of the heatable 
LiF window. The results for silver clusters on HOPG were obtained in collaboration 
with Niklas Grönhagen and were also a part of his dissertation [59]. 
 
HOPG is well qualified as a substrate for UPS measurements of deposited clusters due 
to its weak cluster-surface interaction and UPS spectrum. This chapter investigates the 
d-band region of deposited clusters. Figure 39 shows two UPS spectra of a silver bulk 
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and HOPG. The region of interest of the metal is the region 4 eV below the Fermi edge; 
this is the region in the HOPG spectrum with nearly no structure. This is also the energy 
region where the d-band signal of metal clusters can be found [84, 95, 96]. 
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Figure 39: UPS spectra of (a) Ag(111) and (b) HOPG surfaces taken with the helium gas discharge 
lamp.  

 
 

8.1.1.1. Silver clusters deposited on HOPG 
 
In two independent experiments silver clusters in the size range of Ag55-Ag923 were 
deposited at 70 K (Ag55-Ag147) and 125 K (Ag147-Ag923) directly on an HOPG substrate 
and investigated at a substrate temperature of 125 K with the helium gas discharge 
lamp. The UPS spectra as measured are presented in figure 40. 
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Figure 40: UPS spectra of HOPG (orange line) and clusters deposited directly on HOPG in the size 
range Ag55-Ag923 with different coverages. The coverage is given in terms of the ion dose 
(current*time) for the 1mm cluster spot as measured with the Faraday cup. The spectra are 
referenced to the Fermi edge (EF=0 eV). 

 
 
Afterwards the HOPG signal is subtracted from measured cluster spectra. For this 
procedure David Engemann wrote the program varalpha during his diploma thesis [56]. 
The cluster d-band begins 4 eV below the Fermi edge and ends approx. 7 eV or 8 eV 
below the Fermi edge. The rest of the spectrum comes from the HOPG substrate. But 
with cluster deposition the UPS signal in the region from -8 eV changes so it is difficult 
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to subtract the underlying HOPG signal straight forward because this causes a distortion 
of the spectra in the region below -8 eV. To minimize this distortion the spectra are 
subtracted in a way where the region below -8 eV resembles silver bulk spectra. For a 
more detailed description of this program see ref. [56, 59]. UPS spectra of the clusters 
after a subtraction of the underlying HOPG signal are presented in figure 41. 
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Figure 41: UPS spectra of Ag55-Ag923 clusters after the subtraction of the HOPG substrate signal by 
using the program varalpha. For a better comparability the spectra are normalized by dividing the 
spectra by the cluster size times the coverage (i.e. the amount of silver) and shifted relatively to 
each other. (Ag147 deposited with 10 pAmin has an intensity too low for a proper investigation). 
These spectra were smoothed with the FFT smoothing method of origin using k=3 [56]. 

 
 
The d-band signal of the deposited silver clusters is clearly visible. Comparing these 
spectra with UPS spectra of polycrystalline silver and bulk Ag(111) (figure 42), some 
similarities can be noticed. The spectra of small clusters deposited with a low coverage 
( 20 pAmin) resemble the UPS spectrum of polycrystalline silver. UPS spectra of 
small clusters deposited with a high coverage or spectra of big clusters (independent of 
the coverage) look like the spectrum of Ag(111). 
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The similarity of the small-cluster spectra to the polycrystalline silver spectrum is a hint 
that the clusters did not coalesce at the given coverage  and  sample  temperature          
(T= 125 K). The clusters lie random on the HOPG substrate with no predominant 
direction. When the clusters coalesce they build islands with an Ag(111) orientation due 
to the orientation of the facets of the cluster surfaces.    
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Figure 42: UPS spectra of polycrystalline silver and Ag(111) taken with the helium gas discharge 
lamp. 

 
 
In contradiction to the small clusters, the similarity of the cluster spectra for big clusters 
to the Ag(111) spectrum is not a hint that the clusters coalesced. Given that the smaller 
clusters, which are more mobile at the substrate, did not coalesce at the same coverage 
and sample temperature, it is improbable that the bigger clusters did. For bigger clusters 
the facets on the cluster surface with an Ag(111) direction are bigger. If the clusters 
show a dominant orientation with Ag(111) facets parallel to the surface the resulting 
cluster spectrum resembles an Ag(111) spectrum.  
 
The sample with the cluster sizes Ag147-Ag923 was annealed stepwise up to room 
temperature (RT) for one hour and afterwards cooled down to T= 125 K and measured 
again. UPS spectra before and after annealing are presented in figure 43. Not all spectra 
are shown in this graph because they all show the same effect. As mentioned above, the 
spectra before annealing look similar to the spectrum of Ag(111) independent of cluster 
size and coverage. After annealing the spectra resemble polycrystalline silver except for 
Ag561/63 pAmin. In this case the Ag(111) like structure has become even more 
prominent. Before annealing the cluster lie on the surface with aligned facets (figure 44). 
During the annealing process they receive more energy due to the increased 
temperature, thus, they can move over the surface and move to step edges and/or 
surface defects where they accumulate with a random orientation. This results in UPS 
spectra which look like polycrystalline silver. The Ag561 clusters with the highest 
coverage coalesced after annealing due to the high coverage. The annealing procedure 
leads to an Ag(111) film and to a more prominent Ag(111) like UPS spectrum. A 
schematic of this effect can be found in figure 44. 
 
Concluding, one can say that the cluster coverage useful for UPS measurements 
depends on the cluster size and sample temperature. The coverage must be high enough 
for a good UPS signal, but low enough to avoid coalescence. For the observed cluster 
sizes in this chapter (Ag55-Ag923) and the given sample temperature (T= 125 K) a 
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coverage  20 pAmin seems ideal. But, note that for lower temperatures clusters are less 
mobile and, therefore, a higher coverage could be possible without coalescence. 
Additionally, the substrate plays an important role. On substrates with a higher sticking 
coefficient (e.g. C60 covered surfaces or metals [80]) the clusters are bound more tightly 
to the surface and, as a consequence, need more energy to move over the surface. 
 
 

 
Figure 43: UPS spectra of Ag309-Ag923 clusters with different coverages before and after annealing 
to RT. All spectra presented were measured at T= 125 K. Before annealing all spectra resemble 
Ag(111), after annealing they look more like the spectrum of polycrystalline silver, except for 
Ag561/63 pAmin. Here the Ag(111) like spectrum becomes even more prominent. These spectra were 
smoothed with the SG smoothing method of Origin using n=5 [109]. 
 

 
  

 
Figure 44: Left image (before annealing): above for low coverage, below for high coverage. The 
clusters are oriented with the hexagonally closed packed facets parallel to the flat HOPG surface; 
right image (after annealing): above clusters are attached, e.g., to step edges and lie randomly 
oriented on the surface, below for a high coverage (111) oriented islands are formed. 
 
 

8.1.1.2. Copper clusters deposited on HOPG 
 
Copper clusters in the size range of Cu34-Cu92 were deposited with different coverages 
on HOPG at T= 125 K and measured with the helium gas  discharge  lamp                
(HeI= 21.2 eV) at the same temperature. The UPS spectra as measured are presented in 
figure 45. It is eye-catching that the intensity of the cluster d-band signal is substantially 
lower than for the measurements of silver clusters on HOPG in the previous chapter 
although similar coverages and cluster sizes were used. The clusters were deposited in 
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the following order: Cu58/70 pAmin  Cu92/20 pAmin  Cu55/30 pAmin       
Cu55/15 pAmin  Cu58/30 pAmin  Cu58/15 pAmin  Cu34/40 pAmin          
Cu71/15 pAmin  Cu71/30 pAmin. The cluster current was measured directly before 
and after this sequence. Unfortunately, the cluster current broke down to only 60% of 
the initial value during deposition and it is not possible to say at which point exactly the 
current broke down. Therefore, in the following discussion the coverage calculated with 
the cluster current at the start of the deposition will be used. But this can be one reason 
for the low intensity of the cluster signal in the UPS spectra.  
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Figure 45: UPS spectra of HOPG (orange line) and clusters deposited directly on HOPG in the size 
range Cu34-Cu92 at T= 125 K with different coverages. The spectra are referenced to the Fermi edge 
(EF=0 eV). 

 
 
The HOPG underlying signal was subtracted from the cluster spectra with the help of 
the program varalpha. The resulting cluster spectra are shown in figure 46 along with 
UPS spectra of polycrystalline copper and Cu(111) [97]. The d-band signal of the 
clusters is visible. In contrast to the spectra of polycrystalline silver and Ag(111), the 
copper bulk spectra look very similar. This makes it difficult to distinguish if the cluster 
spectra resemble more polycrystalline copper or Cu(111). The highest peak in the 
spectrum of polycrystalline copper is at nearly the same position as for Cu(111). 
Therefore, the shoulder at lower energies in the spectrum of polycrystalline copper 
(green circle, see figure 46) is used for identification, because here the shoulder has 
more intensity than in the case of Cu(111) with regard to the main peak between -2 eV 
and -3 eV. Indeed for Cu92/20 pAmin, Cu58/30  pAmin  plus  15  pAmin  and            
Cu55/15 pAmin such a shoulder could be identified. This would be a hint that the 
clusters did not coalesce and lie randomly oriented on the surface. But, in the case of 
Cu92/20 pAmin the overall spectrum looks also very similar to the spectrum of Cu(111) 
due to the high intensity of the first peak in the cluster d-band, therefore in this case it is 
not really possible to make a clear statement. For Cu58/70 pAmin the highest peak in the 
Cu(111) spectrum (orange circle, see figure 46) can be found in the cluster spectrum, 
which could be a hint that the clusters already coalesced. 
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Due to the resemblance of the spectra of Cu(111) and polycrystalline copper and the 
poor statistics of the cluster spectra a clear classification of the spectra is very difficult 
and the above-mentioned assumptions must be treated carefully.  
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Figure 46: Left: UPS spectra of Cu34-Cu92 clusters after the subtraction of the HOPG substrate 
signal with varalpha. For a better comparability the spectra are normalized with the amount of 
copper (see figure 41) and shifted relatively to each other. Right: UPS spectrum of Cu(111) (from 
ref. [97]) and of polycrystalline copper taken with the helium gas discharge lamp. The green and 
orange circle marks the position of the dominant peak of the Cu(111) spectrum and of the shoulder 
in the polycrystalline copper spectrum. This peak can be found in the cluster spectra of Cu92, Cu58 
and Cu55 on the left side.  These spectra were smoothed with the FFT smoothing method of origin 
using k=5 [56]. The green crosses mark the position of the d-band flank. 

 
 
Of special interest is the right flank of the cluster d-band onset. Measuring the position 
of the flank at half maximum a slight size dependent shift of its position can be 
observed. This is illustrated in figure 47. The d-band onset shifts with increasing cluster 
size to higher energies. A similar behaviour was observed by DI NARDO [98] for 
evaporated clusters on polycrystalline graphite (figure 47). There a shift of 1 eV occurs 
for copper clusters with 10-200 atoms per cluster. For clusters in the size range of the 
clusters used here (10 Å-16 Å average diameter  40-180 atoms per cluster) the shift is 
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only 0.1 eV. This is a similar result as obtained in this measurement. Here the shift is 
0.15 eV. Reasons for the discrepancy between this measurement and the results in ref. 
[98] of 0.05 eV can be found in the different substrates (HOPG to polycrystalline 
graphite) and the cluster sizes. The size of evaporated clusters could only be estimated 
in ref. [98] from the amount of material evaporated on the substrate and the clusters 
which form during this procedure show a broad size range. Therefore, only an average 
cluster height could be denoted. 
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Figure 47: Left: position of the right d-band flank of the measured size selected copper clusters on 
HOPG. The observed shift is about 0.15 eV. Right: results of UPS measurements on evaporated 
copper clusters on polycrystalline graphite from ref. [98]. The red squares mark the position of the 
maximum of the cluster d-band. 

 
 
In previous publications [99, 100] the cluster d-band shift of metal clusters on graphite 
was explained with the help of the final state effect. The positive charge left on the 
sample after the photoemission process, which was not replaced quickly enough by 
electrons from the substrate, results in a shift of all electronic structures observed in 
UPS spectra. For silver and gold clusters deposited on graphite this results in shifts of 
the Fermi edge of about 1 eV and 0.6 eV and a d-band shift of about 0.5 eV [100]. The 
shifts of the cluster d-band observed here are much smaller and in [98] it could be 
observed that the Fermi edge of the clusters did not shift at all on graphite (see figure 
47). Nevertheless for the measurements of copper clusters on HOPG in this thesis a 
reduced final state effect can not be excluded definitely because it was not possible to 
investigate the position of the cluster Fermi edge on HOPG. 
 
To prove that the shift of the cluster d-band flank observed in the UPS measurements 
here is not a result of the final state effect, copper clusters were deposited on Ag(111). 
The metal substrate is highly conducting and should make sure that the final state effect 
did not occur because of the facilitated charge transfer between cluster and substrate. 
The results of this experiment are presented in the next chapter.     
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8.1.2. Copper clusters deposited on Ag(111) 
 
In the previous chapters, UPS measurements of clusters deposited on a substrate which 
interacts weakly with the clusters (HOPG) were presented. This chapter presents UPS 
and STM measurements of copper clusters deposited directly on Ag(111), 
demonstrating a strong cluster surface interaction on a highly conducting surface.   
 

8.1.2.1. UPS of copper clusters on Ag(111) 
 
Copper clusters with 147 and 923 atoms were deposited on a pure Ag(111) substrate at 
20 K and also measured at this temperature with the new argon discharge lamp with the 
attached heatable LiF window (see chapter 6.3). The low sample temperature is only 
possible because the pressure in the vacuum chamber is very low (10-11 mbar) due to the 
LiF window and, thus, the contamination of the sample can be minimized. As described 
in chapter 6.2, the sensibility of the discharge lamp for certain electronic states varies 
with the photon energy. In figure 48 two UPS spectra of bulk copper are shown, one 
taken with the helium gas discharge lamp and the other with the argon discharge lamp. 
 
A clear difference between the spectra can be observed. The d-band has more structure 
if measured with the helium lamp but the s-p-band region near the Fermi edge shows 
more intensity and structure if measured with the argon lamp. 
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Figure 48: UPS spectra of polycrystalline copper measured with the helium (red) and the argon 
(black) gas discharge lamp. The spectra are normalized for a better comparability. The position of 
the d-band onset, measured at half its height, is -2 eV for bulk copper measured with the argon 
lamp (marked with a green cross). [89] 

 
 
In figure 49 UPS spectra of Cu147 and Cu923 clusters deposited with different coverages 
on pure Ag(111) are shown. The coverages were chosen so that the surface is covered 
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with 5 % of a cluster ML2 (for Cu147: 66 pAmin; for Cu923: 19 pAmin). The cluster 
coverage on Ag(111) can be higher than on HOPG because of the lower mobility of the 
clusters. The strong metallic bond between the clusters and the substrate prevents 
cluster diffusion even at a high coverage. However, the strong cluster surface 
interaction also leads to a deformation of the clusters as will be discussed in chapter 
8.1.3.  
 

 
Figure 49: UPS spectra of Cu147 and Cu923 deposited with 66 pAmin, 19 pAmin and 100 pAmin on 
Ag(111). The inset magnifies the energy range -3.5 eV to 1.5 eV. 

 
 
The inset magnifies the spectra in the energy region from -3.5 eV to 1.5 eV. It is clearly 
visible in the spectra that the surface state of Ag(111) changes with cluster coverage, 
i.e., its intensity decreases. This becomes even clearer after subtracting the Ag(111) 
background signal from the cluster signal (figure 50). Because of the higher surface state 
signal of the pure Ag(111) surface the spectra have a negative peak at the Fermi edge 
after subtraction of the Ag(111) underground signal. The reason for this behaviour is 
that the surface state is quenched due to irregularities on the surface such as clusters or 
impurities, as described in [101] (see figure 9 & 10 in ref. [101]).  
 
The d-band onset (measured at half the height of the d-band peak) of the subtracted 
spectra shifts only slightly from -2.13 eV for Cu147 to -2.06 eV for Cu923. As mentioned 
in [98] the d-band shift gets smaller with increasing cluster size and approaches the 
value of bulk copper (d-band onset at -2 eV, see figure 48). The shift of the d-band onset 
is of the same magnitude as the shift observed in the previous chapter for clusters 
deposited on HOPG. The shift of the cluster d-band flank occurring for clusters 
deposited on a conducting metal (Ag(111)) is a proof that here the shift is due to a size 

                                                 
2  A cluster ML is the amount of clusters needed to cover an area completely with clusters.  
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related change of the electronic structure in the cluster and not due to the final state 
effect.  
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Figure 50: UPS spectra of Cu147 and Cu923 clusters after the subtraction of the Ag(111) substrate 
signal. For a better comparability the spectra are shifted relatively to each other. The green crosses 
mark the d-band onset. 
 
 

8.1.2.2. STM of copper clusters on Ag(111) 
 
Additionally to UPS measurements, the sample was measured with the STM at 5 K. 
STM images of the center of the deposition spots are presented in figure 51.  
 
For Cu147 and Cu923/19 pAmin the clusters are pictured separately and seem to have the 
same size. For Cu923/100 pAmin the clusters show different sizes and some bigger, 
coalesced clusters appear. Here the coverage is so high (25.7 % of a cluster ML) that the 
clusters already begin to land on each other during deposition and coalesce to bigger 
clusters (bright bumps in the STM image) on the sample. 
 
Unfortunately, no height measurements were possible due to contamination of the 
sample. During measurements, impurities of 1-2 Å height were visible in the STM 
images. Clusters are way more reactive than bulk metal [102] so it is plausible that the 
impurities attach especially on clusters and change the height measurements.  
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Figure 51: STM images of Cu147 and Cu923 clusters deposited with different coverages on Ag(111). 
 

 

8.1.3. Silver clusters deposited on Au(111)/mica 
 
This chapter presents STM measurements of silver clusters deposited directly on 
Au(111)/mica. Different cluster sizes were deposited with different deposition energies 
in two independent experiments at 77 K and 11 K, respectively, and measured at 77 K 
or 5 K. Additionally, annealing experiments were performed.   
 

8.1.3.1. Ag55-Ag147/Au(111)/mica deposited at 77 K 
 
The results for this experiment were already presented in [40, 59] and therefore will be 
treated here only briefly. 
 
Ag86 clusters were deposited with a kinetic energy of 1, 3, 15, 34, 150 and 340 eV per 
cluster, respectively. Ag55, Ag80, Ag95 and Ag147 clusters were deposited with a kinetic 
energy of 3 eV. Here only the results for Ag86 at different deposition energies and Ag55 
and Ag147 will be discussed. The results of the STM measurements are compared with 
results of molecular dynamic (MD) simulations, for further details see ref. [40]. 

Cu147/66pAmin  Cu923/19pAmin 

Cu923/100pAmin
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Figure 52 shows height measurements and the appropriate MD simulations of the 
deposited clusters. An Ag(111) ML has a height of 0.236 nm. The peaks in the 
experimental and simulated data show multiples of that value. That is an evidence that 
the clusters become epitaxial at the given deposition energies. In addition, the number 
of Ag layers decreases with increasing deposition energy and decreasing cluster size. 
 
 

(a) (b)

(c)

(a) (b)

(c)

 
Figure 52: (a) Histograms of Ag86/Au(111)/mica deposited with energies from 1-340 eV per cluster. 
Experimental data are displayed in red and data of the MD simulation in black. The increments of 
the x-axis correspond to single monolayers (0.236 nm). (b) Average sizes of the second layer from 
the top of a cluster for each deposition energy of Ag86. The horizontal red dashed line marks a 
limiting layer size of 27 atoms. All clusters that have a second layer larger than that value exhibit 
no decay after deposition. The box schematically shows the profiles of the clusters with their 
respective layers. (c) Histograms of Ag55 and Ag147/Au(111)/mica with a deposition energy  of 3 eV.  
[40] 

 
 
The histograms for a deposition energy of 1 and 3 eV (experiment and simulation) show 
only minor differences. This indicates that already for 3 eV the kinetic energy of the 
clusters can be neglected compared to the strong metallic interaction between the cluster 
and the surface. For this reason one can say that a kinetic energy of 3 eV per cluster is 
sufficient for soft landing conditions.   
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It is important to mention that the peak positions in figure 52 are shifted by 0.06 nm to 
match the heights of silver monolayers with fcc stacking (0.236 nm). This is explained 
in figure 53. The measured peak positions show an offset regarding the theoretical 
height of one silver ML. The reason for this offset is the difference in the LDOS of the 
silver clusters and the Au(111) planes. That this electronic effects cause deviations in 
the height measurements was already shown in [103]. To determine the shift between 
the measured peak positions and the theoretical silver ML heights, the experimental 
peak positions are plotted versus the theoretical heights. The data points have only small 
error bars and the best-fit line shows a gradient of one. This behaviour shows that there 
is really only a constant shift between the experimental peak positions and the 
theoretical ML heights. The offset of the best-fit line marks the shift needed to compare 
experiment and simulation (0.06 nm). After the correction of 0.06 nm to lower values 
the peaks in the histograms show the right position of the silver monolayers.  
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Figure 53: Left: Measured cluster height (dots, different colors mark different measurements) and 
theoretical cluster height (line), a clear offset is visible. Right: Experimental peak positions plotted 
versus theoretical ML height. The error bars show the scattering of individual heights.  

 
 
The peak positions for Ag86 deposited with an energy of 340 eV are in good agreement 
with the simulation, but a discrepancy of about one silver monolayer between 
experiment and simulation can be found for energies  15 eV. For 34 eV and 150 eV 
only the lower cluster height of the simulation is seen in the experiment for Ag86.  
 
In order to explain the observed difference in cluster height between experiment and 
simulation it is important to keep in mind that at high deposition energies (150 eV and 
340 eV), where the results of the measured data and the simulation are in agreement the 
clusters are almost completely flattened. For low deposition energies (1-15 eV), where a 
shift of about one ML can be observed, the clusters adopt a compact, roughly 
hemispherical shape. For low deposition energies the top layers of the simulated clusters 
are small (5-10 atoms). A proposition to explain the observed shift may be a post 
deposition decay process, even at 77 K, which takes places on a timescale of some 
hours, much longer than the possible time for MD simulations. Above a certain size of 
the second layer from the top of the cluster (red dashed horizontal line in figure 52 (b)) 
no shift of the cluster height is observed. All clusters that have a second layer larger 
than that value show no decay after deposition (e.g., 340 eV). In the cases of Ag86  at   
34 eV and 150 eV the second layer of the higher clusters is smaller and that of the lower 
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is larger than the limiting size. From this follows that the higher clusters are shifted in 
the experiment and both kinds of clusters share the same peak, so that a single peak 
appears. This hints to a cluster shape dependent effect which enables a reduction of the 
energy barrier that has to be surpassed to allow the decay of the top layer within a 
timescale of hours at 77 K. 
 
The energy barrier can be calculated with the help of MD simulations (figure 54) this 
will be described shortly in the following. For more details see ref. [40]. 
 
In order to understand the discrepancy between the simulated and measured data an 
Ag86 cluster was deposited at 1 eV and annealed at 325-425 K within MD simulations. 
This as-deposited cluster had 4 atoms in the top ML and its evolution was followed until 
the top ML had vanished. Fitting the time to reduce the height by 1 ML vs. temperature 
to an Arrhenius equation yielded an activation barrier of ca. 0.4 eV. But this barrier 
would be still too high for any evolution at 77 K. For an accurate estimate of the barrier 
height nudged elastic band (NEB) calculations [104] within density functional theory 
(DFT) [105] were performed. Using the model including only the cluster the resulting 
barrier from DFT agreed perfectly with the one from MD simulations. But is the NEB 
calculation repeated with DFT including a 2 ML thick Au(111) surface under the 
cluster, the barrier decreases to 0.22 eV. The shift in binding because of the surface 
provides an additional driving force for the flattening of the clusters. At the Au and Ag 
layers directly at the interface, a charge transfer takes place and changes the energetics 
of the migration process. Thus, the charge transfer causes a lowering of the flattening 
barrier. As a conclusion, one can say that the fast decay of the top ML is responsible for 
the shift between the experimental and simulated height distributions. The clusters do 
not continue flattening after the top ML is gone because the driving force gets smaller 
as the cluster flattens. 
 
 

 
Figure 54: Flattening barrier with MD and DFT. For the two DFT cases are included: a cluster 
model and one with two Au(111) ML under the cluster. (a-c) Snapshots of the DFT cluster model 
along the transition path. Moving atoms are highlighted in red. (d) Atoms involved in the exchange 
process. [40] 
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8.1.3.2. Ag55, Ag86 and Ag147/Au(111)/mica deposited at 11 K 
 
In order to investigate the decay of the top most cluster layer, the same cluster sizes as 
in the previous experiment were deposited with a deposition energy of 3 eV per cluster 
at 11 K and investigated with the STM at 5 K. The assumption was that at lower 
temperatures the decay slows down, or not happens at all. Additionally, the sample was 
annealed for one hour at 77 K and measured again at 5 K. The results and a comparison 
with the results of the previous chapter are presented in figure 55.  
 
The histograms measured at 5 K show a shift regarding the peak position, too, as can be 
observed in figure 55 comparing the results of the corrected measurements at 77 K and 
the new results. As explained in the previous chapter the reason for this offset is the 
difference in the LDOS of the silver clusters and the Au(111) planes which cause 
deviations in the height measurements [103]. But, in contrast to the measurements of the 
previous chapter, there are not enough data for a determination of the correct shift 
between the measured peak positions and the theoretical height of the silver 
monolayers. Therefore the peak positions of the experimental data measured at 5 K are 
shifted about the same value as the data of the previous chapter (0.06 nm to smaller 
cluster heights). The shifted results are presented in figure 56 and will be discussed in 
the following.  
 
For Ag55 two peaks in the histograms may be visible before annealing with a height of 
two and three ML, respectively (figure 56). But, this two peak structure is almost within 
the statistical errors of the histogram. Thus, this result has to be treated carefully. After 
annealing there are more clusters with a height of three ML than two. The peak at a 
height of two ML is weakened significantly in comparison with the peak at three ML, 
but has still the same amount of counts than before the annealing process. A similar 
result was obtained in the previous chapter for clusters deposited and measured at 77 K. 
There a two peak structure could be observed with a height of two and three ML.  
 
At a height of 0.2 nm (0.3 nm without the shift), an additional peak appears in the 
histograms after annealing which could be identified as a sort of contamination, because 
it appears in all measurements after the annealing step. Due to the low temperature of 
the sample during deposition and the first measurements impurities adsorb on the 
surface. These impurities become mobile during the annealing process and agglomerate 
at step edges or surface defects to small particles which can be measured with the STM.  
 
Ag86 clusters show only one peak at 5 K with a height between 4 and 5 ML. This 
unusual peak position may be a result of the contamination of the sample as can be seen 
after annealing. However, the clusters seem to be higher by at least one silver ML than 
at 77 K. This is a hint for a different or slower diffusion process of the top most atoms 
of the cluster. After annealing, the histogram looks like the one taken at 77 K in the 
previous experiment including the ratio of the two cluster heights (3 and 4 silver ML). 
Again, the peak resulting from a contamination of the sample is visible. 
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Figure 55: The histograms above show height measurements for Ag55 (red), Ag86 (green) and Ag147 
(blue) clusters on Au(111). The upper histograms show the results for measurements at 5 K directly 
after deposition. The histograms in the middle show results after an annealing of 1 hour at 77 K 
and than cooled down to 5 K and measured at this temperature. The peak at 0.3 nm comes from a 
contamination which became mobile during annealing and agglomerated to small particles of       
0.3 nm height. The histograms below show the results of the previous chapter for clusters deposited 
at 77 K and measured at this temperature. The dashed lines mark the position of the silver 
monolayers as measured in the previous chapter.  
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Figure 56: The histograms above show height measurements for Ag55 (red), Ag86 (green) and Ag147 
(blue) clusters on Au(111). The upper histograms show the results for measurements at 5 K directly 
after deposition. The histograms in the middle show results after an annealing of 1 hour at 77 K 
and than cooled down to 5 K and measured at this temperature. The peak at 0.2 nm comes from a 
contamination which became mobile during annealing and agglomerated to small particles of       
0.2 nm height. The histograms below show the results of the previous chapter for clusters deposited 
at 77 K and measured at this temperature. For a better comparability the histograms measured at 
5 K are also shifted about 0.06 nm to smaller cluster heights like the histograms measured at 77 K. 
The dashed lines mark the position of the silver monolayers as measured in the previous chapter.     
 
 
Ag147 clusters show similar results as Ag86 clusters. Again, only one peak is visible for 
the measurements at 5 K before annealing. Here it looks like the clusters have nearly a 
height of five silver ML, with a relatively broad size distribution. After annealing, the 
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situation of the previous experiment at 77 K could be established with an additional 
contamination peak. 
 
Because of the poor statistics for the measurements at 5 K it is difficult to say, if the 
histograms show only one peak or would show two peaks in the case of a better statistic. 
Therefore, the mean value of the cluster height is investigated, even for the possible two 
peaks in the case of Ag55 at 5 K and also for the data of the previous chapter measured 
at 77 K from ref. [40]. The goal is to see if an overall change in the cluster heights 
appears. The mean value of the cluster heights before and after the correction with the 
shift of 0.06 nm to lower cluster heights is given in table 2. 
 
 

measured cluster height 
at 5 K [nm] 
 
 

measured cluster height 
after annealing for 1 h 
at 77 K and measured 
at 5 K [nm] 

measured cluster height 
at 77 K [nm] 
 
 

number 
of silver 
atoms in 
the 
cluster corr.   uncorr. corr. uncorr. corr. uncorr. 

55  0.68±0.19 0.74±0.19 0.73±0.11 0.79±0.11 0.62±0.16 0.68±0.16 
86  1.02±0.13 1.08±0.13 0.86±0.14 0.92±0.14 0.79±0.12 0.85±0.12 
147  1.09±0.14 1.15±0.14 1.14±0.18 1.20±0.18 1.17±0.19 1.23±0.19 
Table 2: Calculated mean values of the cluster heights for the measurements from figure 55 
(without correction of 0.06 nm) and from figure 56 (including the correction of 0.06 nm) and the 
corresponding errors of the mean value. 

 
 
It can be seen that in the case of Ag55 the average cluster height before and after the 
annealing process is the same, within the statistical error, and in good agreement with 
the measurements of the previous chapter at 77 K. This also applies for Ag147. Ag86 
show a height difference of about one half silver monolayer before and after annealing, 
which is higher than the statistical error. But, the cluster height of the measurements 
after the annealing process and the results for 77 K is equal within the statical error. So, 
only for Ag86 a real difference between the measurements at different temperatures can 
be observed. 
 
The results obtained for the height measurements at 5 K were also studied using 
molecular dynamic (MD) simulations. A MD simulation of the used clusters deposited 
at a temperature of 15 K with the method described in [40] and a comparison with the 
actually measured and corrected spectra (shift of about 0.06 nm to smaller heights) is 
presented in figure 57. 
 
A comparison between measured (and shifted by 0.06 nm) and MD simulated height 
measurements shows some differences. The measured Ag55 clusters show two peaks in 
the histogram (or only one broad peak at a height of three silver ML, because the two 
peak structure is almost within the statistical error) whereas the simulated data show 
only one high peak at a height of four silver monolayers. Ag86 show one peak in the 
measurements but two peaks in the MD simulation. But it is possible that with more 
statistics also two peaks could occur in the measurements, as already indicated in the 
experimental histogram. In this case the results of the MD simulation would fit quite 
well with the measured and shifted data. For Ag147 MD simulation and experiment show 
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both only one main peak, but there is a shift of about one silver monolayer in the 
measured cluster height to smaller heights.   
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Figure 57: Comparison between measured and corrected height measurements (upper histograms; 
measured at 5 K) and MD simulated (histograms below; simulated at 15 K) height measurements. 

A clear difference is visible. 
 
 
The differences in peak positions (cluster heights) between experiment and MD 
simulation and the missing of a two peak structure (Ag86) in the measurements are 
surprising. It was expected that the low temperatures during the deposition of the 
clusters and during the measurements would prevent a decay of the top most cluster 
layer, which was assumed to be the main reason for the difference of one silver ML in 
cluster height in chapter 8.1.3.1 between simulation and experiment. But, it seems that 
other effects have to be taken into account to explain the appearing differences between 
experiment and MD simulation.    
 
The reason for these differences is not quite clear and needs more investigation. But one 
possibility is the deposition of the clusters itself. The clusters have a certain temperature 
(several hundred K [106]) after they land on the surface. Due to this temperature the 
atoms are mobile in the cluster, i.e., the cluster is liquid. Maybe the cluster freezes out 
on the surface in a random orientation and due to the slow diffusion process it takes 
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some time to reach equilibrium and form silver monolayers. This could lead to the 
missing peaks in the experimental data or broad size distributions. Another possibility is 
that the cluster is so hot just after deposition that some atom monolayers already decay 
in the few picoseconds after deposition before the cluster cools down which would lead 
to a different height distribution than in the simulation.  
 
Of special interest is that the results of Ag86 fit quite well with the MD simulated data 
(after applying the shift of 0.06nm to the measured data), but Ag55 and Ag147 show a 
shift of at least one silver ML between the measured and MD simulated data. In 
addition Ag86 is the only cluster size investigated, which shows an actual difference 
between the measurements at 5 K and 77 K. In [59] it could be shown that between 
Ag85 and Ag87 a transition to larger cluster heights occurs (from 1.4 nm to 1.5 nm). This 
height transition could influence the measurements. The reason why a cluster size which 
lies in the transition region between two heights shows a better agreement with the MD 
simulated data than geometric magic clusters (Ag55 and Ag147) is not quite clear yet. 
 
But, to get more insight additional experiments and detailed simulations are needed.  
 
 

8.2. Clusters on rare gas layers 
 
This chapter presents experimental results of UPS measurements of copper and silver 
clusters deposited on rare gas layers (mostly xenon). As substrates HOPG, Cu(111), 
Ag(111) and Au(111) single crystals were used.  
 
The chapter is split into two parts. In the first part the experimental results are presented 
and in the second part these results are discussed and compared with spectra of free 
beam clusters.  
 
 

8.2.1. Experimental results 
 
The first part of this chapter presents the results for copper clusters and the second part 
the results for silver clusters. 
 

8.2.1.1. CuN (N= 55, 92, 147, 309)/ 60 ML Xe/ HOPG 
 
The HOPG sample was prepared as explained in chapter 5.1.1 and then 60 ML of xenon 
were adsorbed on the clean surface at 30 K. Afterwards the sample was cooled down to 
25 K and Cu309 clusters were deposited on the sample with  a coverage of  100 pAmin. 
This high amount of cluster material is clearly visible with UPS. When the center of the 
deposition spot was found, UPS spectra of the now empty positions of the later three 
deposition spots were taken as background spectra. Afterwards the other three cluster 
sizes were deposited with a coverage of 20 pAmin, respectively, and measured with the 
argon discharge lamp. This order of the measurements is a standard procedure for UPS 
measurements on rare gas layers as already mentioned in chapter 6.2. For all the 
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following experiments this order (deposition of a high coverage  determining the 
position and measuring the empty deposition spots as background signal  deposition 
of the other three cluster spots  measuring of the deposition spots) is kept up. The 
results of these measurements are presented in figure 58.  
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Figure 58: UPS spectra of Cu55- Cu309 deposited with 20 pAmin and 100 pAmin on 60 ML xenon on 
HOPG and the corresponding background spectra. The inset magnifies the energy range from         
-3.5 eV to 1eV. 0 eV marks the position of the Fermi edge. 

 
 
A clear difference between empty and covered spots is visible and in the energy region 
from -3.5 eV to 1 eV a size dependent structure in the s-p-band region is noticeable. At 
an energy of -4.5 eV a peak resulting from the xenon substrate is visible. The intensity 
of this peak changes and its position shifts with increasing metal coverage to higher 
energies. A similar behaviour was already observed in [107, 108] for copper and sodium 
clusters on Xe/HOPG. There the reason of this shift is explained with a charge transfer 
from the metal to the substrate which leads to a band filling and a shift of the Fermi 
energy towards higher energies. Due to the shift of the xenon peak the data from -5 eV 
to -3.5 eV are not evaluable after subtraction of the Xe/HOPG substrate signal. This 
energy region will not be discussed in the following.  
 
Figure 59 shows the cluster spectra after the subtraction of the Xe/HOPG background 
signal. Additionally, the result of a second independent measurement of Cu147 clusters is 
shown. The same amount of clusters was deposited on a second sample on 60 ML 
xenon on HOPG under the same conditions to confirm the results obtained for Cu147 in 
the previous measurement. The two measurements show the same result. A clear size 
dependent structure is visible. The peak around -3 eV represents the cluster d-band. As 
already mentioned in chapter 8.1.1.2 the flank of the d-band (measured at half the height 
of the peak) shifts dependent on the size of the cluster. This behaviour can also be 
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observed for clusters on Xe/HOPG. The d-band flank shifts from -2.7 eV for Cu55 over  
-2.65 eV for Cu92 and -2.6 eV for Cu147 to -2.45 eV for Cu309.        
 
 

-3 -2 -1 0

 

 

i
nt
e
ns
it
y 
[
a.
u.
]

energy [eV]

 Cu
309

 Cu
147
 (2nd independent measurement)

 Cu
147

 Cu
92

 Cu
55

 
Figure 59: UPS spectra of Cu55 to Cu309 clusters after the subtraction of the Xe/HOPG substrate 
signal. Before subtraction the substrate signal was 10 point Savitzky-Golay (SG) smoothed via 
Origin [109]. For a better comparability the spectra are normalized on a scale from 0 to 1 and 
shifted relatively to each other. The green crosses mark the position of the d-band flank. 

 
 
In the s-p-band region (below -2.5 eV) of the cluster signal a clear size dependence is 
visible. Cu55 clusters show one peak at -1.5 eV in the UPS spectra, whereas, Cu92 
clusters have one peak at -1.75 eV and a shoulder at -0.9 eV. Cu147 clusters show two 
peaks in both measurements at -2 eV and -1 eV. But the peaks in the second 
measurement are not as prominent as in the first measurements. Overall the second 
measurement of Cu147 has a poorer statistic than the first measurement. The different 
peak positions and shapes of the spectra of the different cluster sizes are a hint that the 
deposited clusters show a differing electronic structure.  
 
For Cu309 only two shoulders at -2 eV and -1 eV are visible but the d-band has a 
relatively strong signal. Due to the high coverage of the copper clusters (100 pAmin) it 
is probable that the clusters coalesced on the surface (see results of chapter 8.1.1.1).   
 

8.2.1.2. CuN (N= 112, 147, 309, 923)/ 60 ML Xe/ Cu(111) 
 
This chapter presents two experiments. In the first experiment Cu147, Cu309 and Cu923 
clusters were deposited at 60 ML xenon on a Cu(111) substrate at 20 K substrate 
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temperature and in the second experiment Cu112 and Cu147 clusters were deposited also 
at 20 K. 
 
The Cu(111) sample was prepared as explained in chapter 5.1.2 and then 60 ML of 
xenon were adsorbed on the clean surface at 30 K in the first experiment and at 45 K in 
the second experiment. Afterwards the sample was cooled down to 20 K for cluster 
deposition.  
 
The reason for the use of two different adsorption temperatures is the following: The 
temperature of the sample is measured at the helium cooled LT- sample holder and not 
directly on the sample. Therefore, it is possible that the sample has a slightly higher 
temperature than measured at the LT- sample holder if it is not attached properly. The 
Cu(111) sample is better attached to the sample plate than HOPG. Cu(111) is fixed with 
screws to the sample plate whereas HOPG is only fixed with welded tantalum stripes. 
Hence, HOPG has a worse thermal contact to the LT- sample holder and the real sample 
temperature is higher than measured. If xenon is adsorbed at a too low temperature the 
resulting layer can not heal during adsorption and a rough surface is the result [110]. 
Therefore the temperature of the xenon adsorption was increased in the second 
measurement to ensure a smoother xenon surface.  
 
As in the measurement described in the previous chapter in a first step the biggest 
clusters (here Cu923) were deposited with a coverage of 100 pAmin .Then measurements 
of the empty later cluster spots were taken as background signal. Afterwards the other 
three cluster sizes were deposited and measured with the argon gas discharge lamp. The 
measured data are presented in figure 60. 
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Figure 60: UPS spectra of Cu147- Cu923 deposited with 15 pAmin and 100 pAmin on 60 ML xenon 
on Cu(111) and the corresponding background spectra. The inset magnifies the energy range from 
-3.5 eV to 2eV. 0 eV marks the position of the Fermi edge. 
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A change in the intensity of the xenon peak at -4.5 eV is visible as in the previous 
chapter. Due to this change the data below -3.5 eV are not useful and are not discussed 
in the following. 
 
In the energy region from -3.5 eV to higher energies a clear size dependent cluster 
signal is visible. The large size range covered by this experiment is reflected in the 
intensities of the spectra in this region. As already discussed in chapter 6.2 the intensity 
of the UPS signal is dependent on the cluster size and coverage (equation (6.4) and 
(6.5)). In figure 61 the intensity of the cluster UPS signal at -2.74 eV and the calculated 
intensity with the help of equation (6.4) are plotted versus the cluster volume. The 
cluster volume is calculated by assuming a cylindrical cluster with d= h. 
 
It is visible that the behaviour of the measured cluster intensity reflects the behaviour of 
equation (6.4). Cu147 lies in the size region where the intensity of the UPS signal can be 
described by a direct proportionality to the cluster volume just like Cu309. Cu923 lies in 

the transition region between the two edge cases (V∝ (red line) and 3
2

V∝  (green line 
in figure 61)).    
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Figure 61: Calculated photoelectron intensity versus cluster volume for a cylindrical cluster with 
d/h=1 (black line). The electron escape depth was calculated with the help of equation (6.6) (chapter 
6.2) for copper clusters measured with ArI light (11.62 eV). The blue crosses mark the relative 
intensity of the UPS signal for copper clusters on Xe/Cu(111). The cluster volume was calculated by 
assuming a cylindrical cluster with d= h. The cluster height was calculated with h= 0.282·N1/3      
(N= # atoms per cluster). 

 
 
Unfortunately, the empty Xe/Cu(111) spectra in figure 60 show some measuring errors 
resulting in sharp peaks in the energy region between -2 eV and +1 eV. These errors 
have their origin in the channeltrons of the electron energy analyzer. The channeltrons 
are very sensitive to electro-magnetic noise which can originate from e.g., flashing neon 
lamps in the laboratory. In the following these measuring errors are replaced by the 
mean value of the measuring points before and after the error. The cluster spectra 
subtracted from the revised Xe/Cu(111) are presented in figure 62. 
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Figure 62: UPS spectra of Cu147 to Cu923 clusters after the subtraction of the Xe/Cu(111) substrate 
signal. Before subtraction the substrate signal was 10 point SG smoothed via Origin [109]. For a 
better comparability the spectra are normalized on a scale from 0 to 1 and shifted relatively to each 
other. The green crosses mark the position of the d-band flank.  

 
 

After subtraction of the background signal size dependent cluster spectra are obtained. 
In all spectra the cluster d-band is visible in the energy region from -3.5 eV to approx.   
-2 eV. Additionally a shift of the d-band flank is detectable: The d-band flank shifts 
from -2.64 eV for Cu147 to -2.44 eV for Cu309. The results of the position of the d-band 
flank are akin to the results for copper clusters on Xe/HOPG of the previous chapter. 
For Cu923 it is difficult to say where the cluster d-band begins therefore no position can 
be determined for the d-band flank. 
 
The s-p-band region shows a size dependent structure. Cu147 has a peak at -2 eV and a 
flat shoulder at -1 eV on closer inspection. Cu309 has a relatively sharp peak at -2 eV 
and shows an even decrease in the energy region between -1.5 eV and the Fermi edge. 
Cu923 shows a similar structure at both coverages: A pronounced d-band and a shoulder 
at -0.8 eV. For Cu923 a similarity with the UPS spectrum of polycrystalline copper 
(figure 48) can not be dismissed.  
 
It is important to say that the measurements presented here have a quite poor statistic 
due to the low UPS signal (a factor 10 lower than for the measurements on Xe/HOPG). 
A reason for this is that the entering slit to the channeltrons in the electron energy 
analyser was smaller in this measurement (1 mm in diameter instead of 6 mm) [42]. The 
smaller entering slit increases the energy resolution of the UPS measurements but at the 
cost of intensity of the UPS signal. Unfortunately, this change leads to a worsening of 
the results presented here instead of an improvement. 
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In the second measurement Cu112 clusters and Cu147 clusters were deposited on 60 ML 
Xe on Cu(111) at 20 K substrate temperature. Additionally, Cu309 was deposited with a 
very high coverage as a reference point to find the later position of the deposition spots 
and to take the reference spectra. Unfortunately, the cluster current during the 
deposition of Cu309 was not stable and the deposition has to be repeated whereby the 
actual coverage could not be determined. Therefore, this deposition was only used to 
find the later deposition spots and of the Cu309 deposition spot no measurement was 
made. The results are shown in figure 63. 
 
The UPS spectrum of Cu112 shows a very low intensity, nearly in the range of the 
Xe/Cu(111) background spectra. Additionally, the spectra for Cu147 show the same 
intensity even though measurement (b) has twice the coverage of measurement (a). It is 
possible that in this case the center of the deposition spot of Cu147 (b) and probably 
Cu112 was not hit properly and the UPS measuring spot was only at the rim of the 
deposition spot where the cluster coverage is smaller. 
 
In addition, the same measuring errors as in the previous experiment on Cu(111) 
occurred resulting in error peaks in the spectra. For subtraction of the Xe/Cu(111) 
underground spectra these errors are again replaced by the mean value of the data point 
before and after the error. Figure 64 shows the subtracted cluster spectra. 
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Figure 63: UPS spectra of Cu112 and Cu147 deposited with 20 pAmin and 40 pAmin on 60 ML xenon 
on Cu(111) and the corresponding background spectra. The inset magnifies the energy range from 
-3.5 eV to 2eV. 0 eV marks the position of the Fermi edge. 
 
 

For Cu147 on Xe/Cu(111) a similar result as for Cu147 on Xe/HOPG and as for the 
previous measurement on Xe/Cu(111) (figure 62) is obtained after subtraction of the 
Xe/Cu(111) background signal. In the s-p-band region there are two peaks at -2 eV and 
-1 eV, respectively, and the position of the d-band flank is -2.6 eV for a coverage of    
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40 pAmin and -2.64 eV for a coverage of 20 pAmin. The spectrum of Cu112 has a very 
bad signal to noise ratio and no significant d-band signal is visible. Apparently the 
deposition spot was missed during UPS measurements and only a small part of the rim 
was measured. Therefore this measurement has no significance and will not be 
discussed any further. 
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Figure 64: UPS spectra of Cu112 and Cu147 clusters after the subtraction of the Xe/Cu(111) substrate 
signal. Before subtraction the substrate signal was 10 point SG smoothed via Origin [109]. For a 
better comparability the spectra are normalized on a scale from 0 to 1 and shifted relatively to each 
other. The green crosses mark the position of the d-band flank. 

 
 

8.2.1.3. CuN (N= 92, 112, 147, 309, 923)/ 60 ML Xe/ Au(111) 
 
This chapter presents three experiments of clusters deposited on 60 ML xenon on a 
Au(111) substrate.  
 
The Au(111) sample was prepared as explained in chapter 5.1.2 and then 60 ML of 
xenon were adsorbed on the clean surface at 45 K in the first and second experiment 
and at 54 K in the third experiment. Afterwards the sample was cooled down to 20 K 
and 23 K, respectively, for cluster deposition.  
 
In the first experiment Cu92, Cu112, Cu147 and Cu923 were deposited at 20 K substrate 
temperature on Xe/Au(111). Cu923 was deposited first with the highest coverage       
(100 pAmin) to define the later deposition spots and take Xe/Au(111) background 
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spectra. Later the other three cluster sizes were deposited with a coverage of 20 pAmin, 
respectively. The measured data are presented in figure 65. 
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Figure 65: UPS spectra of Cu92 to Cu923 deposited with 20 pAmin and 100 pAmin on 60 ML xenon 
on Au(111) and the corresponding background spectra. The inset magnifies the energy range from 
-3.5 eV to 2eV. 0 eV marks the position of the Fermi edge. 
 
 

The spectra look different than UPS spectra of copper clusters on Xe/HOPG or 
Xe/Cu(111). The typical shoulder of the xenon signal at -4.5 eV is not visible. This 
comes from a shift of the spectra to higher energies due to the Au(111) substrate as 
described in [41]. The xenon 5p1/2 peak, from which only the beginning is visible in the 
spectra presented here, shifts with about the difference of the surface work function. 
From this shifted peak results the massive increase in intensity at -5 eV (see figure 66). 
Therefore, the typical xenon shoulder disappears due to the shift and the high intensity 
of the beginning xenon peak.  
 

In the inset of figure 65 the signal resulting from Cu923 is clearly visible but the other 
three cluster sizes deposited with 20 pAmin coverage show only a poor intensity, maybe 
the center of the deposition spot was missed.  
 
Clusters on rare gas layers are decoupled and referenced to the vacuum energy of the 
substrate [90]. Because of this the work function difference of the different cluster and 
substrate materials leads to a shift of the cluster spectra. Due to the shift of the spectra 
on Au(111) the spectrum of Cu923/100 pAmin has still intensity above the Fermi edge. 
Similar results were observed in [90] for lead islands deposited on Xe/Au(111). 
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Figure 66: UPS spectrum of 1 ML xenon on HOPG measured with the helium gas discharge lamp. 
The peak at here -6 eV can also be found in the spectra measured with ArI radiation. The increase 
in intensity at -5 eV in the spectra presented here comes from this peak. [111]  
 

-3 -2 -1 0 1 2

 

 

i
nt
e
ns
it
y 
[
a.
u.
]

energy [eV]

 Cu
923

 Cu
147

 Cu
112

 Cu
92

 
Figure 67: UPS spectra of Cu92 to Cu923 clusters after the subtraction of the Xe/Au(111) substrate 
signal. Before subtraction the substrate signal was 10 point SG smoothed via Origin [109]. For a 
better comparability the spectra are normalized on a scale from 0 to 1 and shifted relatively to each 
other.  
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The cluster spectra subtracted from the Xe/Au(111) background signal are presented in 
figure 67. The spectrum of Cu923 has a signal up to 1 eV above the Fermi edge          
(EF= 0 eV) and apart from the shift the spectrum looks like for Cu923 deposited on 
Xe/Cu(111) and similar to bulk Cu(111). The other spectra of this measurement show 
nearly no structure which confirms the assumption that the deposition spots were 
missed during measurement. Cu147 may have two peaks at -2 eV and -1 eV, but they are 
very small and can not really be considered as real. Due to the poor signal the position 
of the d-band flank can not be determined for Cu92, Cu112 and Cu147. Cu923 shows a clear 
cluster d-band but it is difficult to say where the d-band begins and therefore the 
position of its flank can not be determined. 
 
In the second experiment Cu147 and Cu309 were deposited at 20 K substrate temperature. 
In a first step Cu309 was deposited with a coverage of 100 pAmin as reference point to 
find the later deposition spots and take spectra of the Xe/Au(111) background. Then 
Cu147 was deposited with a coverage of 40 pAmin and Cu309  was  deposited  with          
30 pAmin on the same spots where the background spectra were taken. The results of 
this measurement are presented in figure 68. 
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Figure 68: UPS spectra of Cu147 and Cu309 deposited with 40 pAmin, 30 pAmin and 100 pAmin on 
60 ML xenon on Au(111) and the corresponding background spectra. The inset magnifies the 
energy range from -3.5 eV to 2eV. 0 eV marks the position of the Fermi edge. 

 
 
A clear cluster signal is visible in the spectra. Again the cluster spectrum for the 
deposition spot with the highest coverage shows a UPS signal above the Fermi edge, but 
in contrast to the previous results there is no real Fermi edge visible in the cluster 
spectrum. The results after subtraction of the Xe/Au(111) signal are presented in figure 
69. 
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Figure 69: UPS spectra of Cu147 and Cu309 clusters after the subtraction of the Xe/Au(111) substrate 
signal. Before subtraction the substrate signal was 10 point SG smoothed via Origin [109]. For a 
better comparability the spectra are normalized on a scale from 0 to 1 and shifted relatively to each 
other. The green crosses mark the position of the d-band flank. 
 
 

The spectra of Cu147 and Cu309 (a) are very similar to each other. Both have a shoulder 
at -1.5 eV and a clear cluster d-band. The d-band flank for Cu147 is at -2.37 eV and for 
Cu309 (a) at -2.07 eV. Additionally, both spectra show a small signal above the Fermi 
edge. The spectrum of Cu309 (b) has also a clear signal above the Fermi edge but no 
structure like for Cu309 deposited with a lower coverage in the s-p-band region. Here it 
is difficult to say where the cluster d-band begins therefore no position can be 
determined for the d-band flank.  
 
In the third experiment the temperature for the xenon adsorption was higher than in the 
former two experiments (54 K instead of 45 K). Then the sample was cooled down to 
23 K and Cu112, Cu147 and Cu309 clusters were deposited. In a first step Cu309 clusters 
were deposited with a coverage of 100 pAmin, however, the mass selection for this 
deposition was not as accurate as for the other depositions. Here the waiting time tW 
between the pulses of the acceleration plate and the deceleration plate (see chapter 
4.1.3) was very small to get a higher cluster current and a shorter deposition time. Due 
to the short tW the mass selection gets worse and other cluster masses except Cu309 were 
deposited. After the deposition spot with the highest coverage was found UPS spectra of 
the later deposition spots were taken as reference spectra and then the other cluster sizes 
were deposited. The results of these measurements are presented in figure 70.    
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Figure 70: (a) UPS spectra of Cu112, Cu147 and Cu309 deposited with 30 pAmin, 20 pAmin and      
100 pAmin on 60 ML xenon on Au(111) and the corresponding background spectra. 0 eV marks 
the position of the Fermi edge. (b) Energy region between -3.5 eV and 2 eV, a Fermi edge at 0 eV 
and a peak at -2.5 eV, both resulting from the Au(111) substrate, are clearly visible. (c) Au(111) 
spectrum taken at room temperature.   
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In figure 70b a clear Fermi edge is visible at 0 eV and at -2.5 eV a peak occurs in all 
spectra regardless if it is a cluster spectrum or a Xe/Au(111) spectrum. These features 
come from the Au(111) substrate below the xenon layer (see figure 70c), i.e., the xenon 
layer is not thick enough to cover the Au(111) signal. Obviously the temperature for the 
adsorption of the xenon layer was too high to guarantee the growth of 60 ML of xenon 
on the Au(111) surface.  
 
Due to the too thin xenon layer it is probable that the clusters were influenced by the 
gold substrate which would distort the results of the UPS measurements. Therefore, this 
measurement will not be investigated any further. 
 

8.2.1.4. CuN (N= 55, 92, 147, 309)/10 ML Ar/60 ML Xe/ Ag(111) 
 
This chapter presents two experiments of copper clusters deposited on 10 ML argon on 
60 ML xenon on an Ag(111) surface. First the Ag(111) sample was prepared as 
described in chapter 5.1.2, then the sample was cooled down to 30 K for the adsorption 
of the xenon layers. Afterwards, the sample was cooled down to 15 K in the first 
experiment and 20 K in the second experiment for the adsorption of 10 ML argon on 
top of the 60 ML of xenon. It was decided to not go beyond 10 ML because static 
charging occurred for an argon film with more than 10 ML argon during measurements 
with a helium gas discharge lamp [90]. For the first experiment the temperature was 
kept 15 K, but for the second measurement the sample was cooled down to 11 K for 
cluster deposition and UPS measurements. 
 
Cu309 clusters were deposited on the sample with a coverage of 100 pAmin, in both 
cases. From the position of this deposition spot the later deposition spots of the other 
clusters sizes were defined and spectra of the empty deposition spots were taken as 
background spectra. Then Cu55, Cu92 and Cu147 were deposited on the same spots as 
those where the background spectra were made with a coverage of 10 pAmin, 
respectively. The results of both measurements are presented in figure 71. 
 
In the energy region of -5 eV to -4 eV a change in the spectra is visible. The shoulder at 
-4.5 eV, which could be observed for spectra where only xenon was absorbed, 
disappears during the experiment. This is also observable at an empty spot on the 
sample where no clusters were deposited (figure 72).  
 
The presence of the clusters can change the work function of the surface [90] and thus 
the UPS spectrum. However this cannot be the case for the empty spot in figure 72. 
Another possible reason can be contamination of the sample over the time of the 
measurement due to the low sample temperature (15 K and 11 K, respectively). A 
combination of these two reasons is also imaginable. 
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Figure 71: UPS spectra of Cu55, Cu92, Cu147 and Cu309 deposited with 10 pAmin and 100 pAmin on 
10 ML argon on 60 ML xenon on Ag(111) and the corresponding background spectra. The inset 
magnifies the energy range from -3.5 eV to 2 eV. 0 eV marks the position of the Fermi edge. Top: 
First experiment at 15 K. Bottom: Second experiment at 11 K. 
 
 

The LT-sample holder is cooled down for the adsorption of the rare gas and then even 
more for cluster deposition (in the case of the second experiment). As a result the other 
components of the sample manipulator are cooled down, too. On these components also 
rare gas, i.e. argon, is adsorbed. While moving the manipulator for measurements some 



Experimental Results 

 92

components become warmer and the argon layer can desorb. But, the sample is still at 
15 K or 11 K and the desorbed argon can re-adsorb on the sample, especially on the 
clusters. This contamination leads to a change of the cluster signal. 
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Figure 72: UPS measurements of an empty spot on the sample measured at different times of the 
second experiment. Even without the presence of clusters a clear change in the spectra is visible 
over time. 

 
 
All spectra in figure 71 have a signal above the Fermi edge. In the case of Cu309 
deposited with 100 pAmin this is explicitly visible. Comparing the spectrum of Cu309 in 
the upper UPS spectrum in figure 71 with the spectrum of Cu923 also deposited with a 
coverage of 100 pAmin on Xe/Cu(111) in figure 60 a clear similarity is observable. On 
Ar/Xe/Ag(111) the spectrum of the highest coverage and the other spectra are shifted 
about 1.4 eV to higher energies. So the main peak visible at 1.3 eV in the spectra 
represents the cluster d-band and the s-p-band region lies above the Fermi edge. 
 
A possible reason for this shift could be the influence of the electron affinity of the rare 
gas layer. As already mentioned before clusters on rare gas layers are decoupled and 
referenced to the vacuum energy of the substrate [90], i.e. the highest occupied 
electronic states of the cluster do not align to the Fermi edge of the substrate. In [112, 
113] it is described that within the phase accumulation model for a Shockley surface 
state the vacuum energy of a substrate shifts (if a rare gas is adsorbed) by the electron 
affinity EA of the rare gas (EAxenon= 0.5 eV; EAargon= -0.4 eV). So clusters deposited on 
several monolayers of xenon would be constantly shifted about -0.5 eV. In the case of 
several monolayers of argon on xenon an opposite shift of about 0.4 eV occurs, if the 
argon defines the electron affinity. In addition the adsorption of rare gas lowers the 
work function of the substrate (e.g., from 5.36 eV for Au(111) to 5.04 eV for 
Xe/Au(111) [113]). It is possible that an additional argon layer would lead to an 
additional decrease of the substrate work function, as in the case of a simple xenon 
layer. Additionally the different work function of the substrate and the clusters lead to a 
shift of the UPS spectra [90], as described above. In this context it has to be mentioned 
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that it is difficult to determine the exact shift resulting from the work function 
difference because it is difficult to say if the clusters have a rather polycrystalline 
structure or rather a fcc structure. But, depending on this the cluster work function may 
change (Cu(poly)= 4.65 eV; Cu(111)= 4.94 eV [114]). So the influence of the electron 
affinity of the rare gas layer, together with a work function decrease of the substrate and 
the shift due to the different work functions of the substrate and the clusters could be 
responsible for the shift of the UPS spectra on Ar/Xe/Ag(111) to higher energies.  
 
The results after subtraction of the Ar/Xe/Ag(111) background are presented in figure 
73 and 74. Only one peak is visible in all spectra at  -1.3  eV,  representing  the  cluster      
d-band, although the intensity of the spectra in the second experiment has only half the 
value of the first experiment, also resulting in a poorer statistic regarding the cluster 
spectra. Especially for Cu55 the statistic in the second experiment is very poor. It is 
probable that in this case the cluster spot was not measured in the center but at its rim 
and the smaller amount of clusters leads to a poor cluster signal. 
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Figure 73: UPS spectra of Cu55 to Cu309 clusters after the subtraction of the Ar/Xe/Ag(111) 
substrate signal of the first measurement at 15 K sample temperature. Before subtraction the 
substrate signal was 10 point SG smoothed via Origin [109]. For a better comparability the spectra 
are normalized on a scale from 0 to 1 and shifted relatively to each other. 
 
 

Nevertheless for each of the two experiments a size dependence of the spectra is visible, 
with increasing cluster size the intensity of the cluster d-band increases. The bigger the 
clusters are the more copper is on the sample and the bigger is the measured intensity in 
the UPS spectra. This explains the increase of the peak intensity at -1.3 eV for     
Cu55/10 pAmin, Cu92/10 pAmin and Cu147/10 pAmin, respectively. Using the same 
argument for Cu309/100 pAmin the coverage increased by more than a factor of 10 
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which does not correspond to the increase in peak intensity. Cluster coalescence and the 
effect of the electron mean free path (see chapter 6.2) for larger copper islands may be 
the reason for a lower intensity here.  
 
The increase in intensity at -3 eV to lower energies in all spectra comes from the 
subtraction of the Ar/Xe/Ag(111) background due to the change of the signal after the 
deposition of the clusters (see figure 71). The cluster spectra before subtraction have 
more intensity over the whole energy range than the empty Ar/Xe/Ag(111) spectra.  
 
It is eye catching that the spectra of the Cu55, Cu92 and Cu147  clusters  deposited  with      
10 pAmin look very similar to the spectra of Cu309 deposited with 100 pAmin coverage 
on Ar/Xe/Ag(111) (for this coverage the clusters are already coalesced). It seems that 
the clusters coalesced on the argon substrate even at a low coverage of 10 pAmin. It is 
possible that at the temperatures used here the argon layer is still not completely frozen 
and the atoms in the layer are still very mobile. Due to the movement of the argon 
atoms in the rare gas layer the clusters are more mobile, too, and coalesce at much 
lower coverages than depicted in chapter 8.1.1.1.  
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Figure 74: UPS spectra of Cu55 to Cu309 clusters after the subtraction of the Ar/Xe/Ag(111) 
substrate signal of the second measurement at 11 K sample temperature. Before subtraction the 
substrate signal was 10 point SG smoothed via Origin [109]. For a better comparability the spectra 
are normalized on a scale from 0 to 1 and shifted relatively to each other. 
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8.2.1.5. AgN /60 ML Xe/ HOPG 
 
A HOPG sample was prepared as described in chapter 5.1.1. Then the sample was 
cooled down and 60 ML of xenon were adsorbed at 25 K substrate temperature. 
Afterwards silver clusters were deposited at this temperature.  
 
Although the preparation steps and the cluster deposition were performed as in the 
former experiments it was not possible to detect a cluster signal with UPS 
measurements. Even big Ag309 clusters deposited with 100 pAmin on the sample could 
not be detected.  
 
This behaviour suggests that the silver clusters sunk into the xenon layer. In fact such 
behaviour was already observed by OHNO et al. [115] for silver clusters deposited on 
several monolayers of xenon on gallium arsenide (GaAs) (figure 75). First the clusters 
are covered with a xenon skin and then they are drawn through the xenon layer via van 
der Waals forces until they have contact with the substrate. This effect requires that the 
xenon layer is pliable enough to let the clusters travel through it. To avoid this, the 
xenon layer has to be cooled down sufficiently because xenon seems to be more plastic 
at higher temperatures.  
 
 

 
Figure 75: Schematic of Ag clusters deposited on a xenon layer on GaAs. A xenon skin covers the 
clusters, with time the clusters are drawn through the xenon layer until they contact the substrate. 
The springs represent the van der Waals force of attraction. [115] 
 
 

In the following experiment this was achieved by changing the substrate from HOPG to 
Ag(111). As already explained in chapter 8.2.1.2 the Ag(111) sample is attached better 
to the sample holder than HOPG and the effective temperature of the sample is lower. 
Thus, the xenon layer becomes harder and it is more difficult for the clusters to travel 
through the xenon. 
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8.2.1.6. AgN (N=55, 92, 147, 309) /60 ML Xe/ Ag(111) 
 
This chapter presents two experiments. In the first experiment Ag55, Ag147 and Ag309 
clusters were deposited on 60 ML xenon on Ag(111) at 17 K sample temperature and 
measured at this temperature. In the second experiment Ag55, Ag92, Ag147 and Ag309 
clusters were deposited and measured on 60 ML xenon on Ag(111) at 15 K sample 
temperature. 
 
For the first experiment Ag(111) was prepared as described in chapter 5.1.2 and then 60 
ML of xenon were adsorbed at a sample temperature of 30 K. Afterwards, Ag309 
clusters were deposited on the sample with a coverage of 100 pAmin and from the 
position of this deposition spot the other deposition spots were defined and background 
spectra were taken. Then Ag55, Ag147 and Ag309 cluster were deposited with a coverage 
of 20 pAmin, respectively. The measured results are presented in figure 76. 
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Figure 76: UPS spectra of Ag55, Ag147 and Ag309 deposited with 20 pAmin and 100 pAmin on 60 ML 
xenon on Ag(111) and the corresponding background spectra. The inset magnifies the energy range  
from -3.5 eV to 2eV. 0 eV marks the position of the Fermi edge. 

 
 
In the energy region from -3.5 eV to higher energies a clear size dependent cluster 
signal is visible which increases with increasing cluster size and coverage. Due to the 
better thermal contact of the sample to the cooled sample holder and the resulting lower 
temperature of the sample and the xenon layer, the clusters no longer travel through the 
xenon to the substrate. 
 
As already discussed in chapter 6.2 and 8.2.1.2 for copper clusters on Xe/Cu(111) the 
intensity of the UPS signal is dependent on the cluster size and coverage. In figure 77 
the intensity of the UPS signal at -2 eV and the calculated intensity (equation (6.4), 
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chapter 6.2) are plotted versus the cluster volume. For simplicity the cluster volume is 
calculated by assuming a cylindrical cluster with d= h. 
 
The behaviour of the measured cluster intensity reflects the behaviour of equation (6.4), 
especially in the case of Ag147 and Ag309. The intensity of Ag55 is higher than the 
calculated one. The reason for this could be the size of the cluster, which is much 
smaller than the electron escape depth  (hAg55= 1.22 nm). Ag147 and Ag309 lie in the 
beginning of the transition region between the two edge cases of equation (6.4) where 
the intensity of the cluster signal is directly proportional to the cluster volume V and 

where it is proportional to 3
2

V .  
 
This result and the result for copper clusters on Xe/Cu(111) (figure 61) are a good proof 
for the validity of equation (6.4).  
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Figure 77: Calculated photoelectron intensity versus cluster volume for a cylindrical cluster with 
d/h= 1 (black line). The electron escape depth was calculated with the help of equation (6.6) 
(chapter 6.2) for silver clusters measured with ArI light (11.62 eV). The orange stars mark the 
relative intensity of the UPS signal for silver clusters on Xe/Ag(111). The cluster volume was 
calculated by assuming a cylindrical cluster with d= h. The cluster height was calculated with       
h= 0.32·N1/3 (N= # atoms per cluster). 

 
 
After subtraction of the Xe/Ag(111) background the size dependent s-p-band signal of 
the clusters is visible (figure 78). The s-p-band onset gets steeper for larger clusters and 
higher coverage and a shift of the s-p-band flank (measured at half the height of the 
peak) is visible between Ag55 (-1.06 eV), Ag147 (-0.96 eV) and Ag309 (-0.91 eV). Apart 
from that no structure is visible in the s-p-band region. The cluster d-band is not visible 
because it has its onset -4 eV below the Fermi edge (figure 42) but at this point the 
xenon signal is already so strong that the cluster d-band is covered by the xenon signal. 
 
In the second experiment 60 ML of xenon were adsorbed on the clean Ag(111) surface 
at a temperature of 35 K. Than the sample was cooled down to 15 K and Ag309 clusters 
were deposited with a coverage of 100 pAmin. After the background spectra were 
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measured Ag55, Ag92 and Ag147 clusters were deposited with a coverage of 10 pAmin, 
respectively. The results for these measurements are presented in figure 79. 
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Figure 78: UPS spectra of Ag55, Ag147 and Ag309 clusters after the subtraction of the Xe/Ag(111) 
substrate signal. Before subtraction the substrate signal was 10 point SG smoothed via Origin [109]. 
For a better comparability the spectra are normalized on a scale from 0 to 1 and shifted relatively 
to each other. The green crosses mark the position of the s-p-band flank measured at half the height 
of the peak. 
 
 

A cluster signal is clearly visible. However, the intensity of the spectra of Ag55, Ag92 
and Ag147 is nearly the same despite the different cluster sizes. The results after 
subtraction of the Xe/Ag(111) background are shown in figure 80.  
 
Again a size dependent s-p-band is visible. The flank of the s-p-band shifts with cluster 
size (Ag55: -0.96 eV, Ag92: -0.86 eV, Ag147: -0.83 eV). Additionally, the spectra show 
an internal structure, even though it is not so pronounced. Ag55 has a peak at -1.5 eV 
and two shoulders at -0.8 eV and -2.3 eV, respectively. Ag92  has  only  one  peak  at            
-1.5 eV, but Ag147 forms a plateau instead of a peak between -1.3 eV and -2 eV. Ag309 
has only one broad peak. At the high coverage of 100 pAmin the clusters already 
coalesced.  
 
The reason for the difference in the position of the s-p-band flank for Ag55 and Ag147 
between this and the former measurement may come from the different coverage. Silver 
clusters seem to be more mobile on the xenon layer and as a result the clusters may 
coalesce at lower coverages than copper clusters. It seems possible that the clusters 
already coalesced at a coverage of 20 pAmin, which results among other things in an 
additional shift of the s-p-band flank. 
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Figure 79: UPS spectra of Ag55, Ag147 and Ag309 deposited with 10 pAmin and 100 pAmin on 60 ML 
xenon on Ag(111) and the corresponding background spectra. The inset magnifies the energy range 
-3.5 eV to 2eV. 0 eV marks the position of the Fermi edge. 
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Figure 80: UPS spectra of Ag55, Ag147 and Ag309 clusters after the subtraction of the Xe/Ag(111) 
substrate signal. Before subtraction the substrate signal was 5 point SG smoothed via Origin [109]. 
For a better comparability the spectra are normalized on a scale from 0 to 1 and shifted relatively 
to each other. The green crosses mark the position of the s-p-band flank. 
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8.2.2. Comparison with free beam spectra 
 
In this chapter the experimental results are compared with free beam spectra, measured 
by the group of Bernd von Issendorff [8] in Freiburg and by CHESHNOVSKY et al. 
[84, 85]. For this purpose the results are discussed separately for copper and for silver 
clusters on different substrates.  
 

8.2.2.1. Copper clusters 
 
The results for copper clusters are discussed dependent on the used substrate. 
Depending on the substrate the shift needed to compare the deposited clusters with free 
beam clusters is different (see equ. (7.3) in chapter 7.2).  
 

8.2.2.1.1. CuN (N= 55, 92, 147, 309)/ 60 ML Xe/ HOPG 

 
A comparison between deposited copper clusters on Xe/HOPG (chapter 8.2.1.1) and 
free beam clusters is depicted in figure 81. 
 
The free beam spectra are shifted according to equation (7.3). The work function of 
HOPG is 4.5 eV [107, 108] and the charging energies are given in table 3. The most 
striking similarity between the deposited spectra and free beam spectra can be found in 
the case of Cu147. The cluster 2g and 3p band can be found in all four spectra, but the 
two peak structure of the 3p band is not visible for the deposited Cu147 clusters. Here 
only one peak occurs. In addition the 2f band is not visible in the spectra of the 
deposited clusters, it fused with the cluster d-band. For Cu55 the 2p and 1g band of the 
free beam spectra merged to one peak for the deposited clusters and the 1f peak is not 
visible. A similar behaviour shows Cu92. The peaks of the free beam spectra merge to 
one peak in the s-p-band region of the deposited clusters. 
 
 
copper  cluster   cluster  height  for  

spherical clusters [nm] 
charging energy [eV] additional  shift 

needed [eV] 

55  1.07 2.26 0  

90  1.26 1.97 0  

92  1.27 1.96 0  

147  1.49 1.71 0.35  

152  1.50 1.69 0.25  

342  1.97 1.33 -0.08  
Table 3: Charging energy for negatively charged free beam clusters and additional shift needed to 
compare deposited clusters with free beam clusters in the case of copper clusters deposited on 
Xe/HOPG.  
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Figure 81: Comparison between free beam spectra and spectra of deposited clusters on 60 ML of 
xenon on HOPG measured in this thesis with the argon discharge lamp (11.62 eV). The spectra are 
shifted relatively to each other for a better comparability. The spectra of the deposited clusters are 
normalized. The energies used to measure the free beam spectra are 6.43 eV for the data from 
Freiburg [8] and 7.9 eV for the data from CHESHNOVSKY [84, 85]. The free beam spectra are 
shifted to compare them with deposited clusters. The bands of the free beam spectra are labeled by 
the quantum numbers of the corresponding states in the spherical free electron model [116].   

 
 
The Cu309 clusters were deposited with a coverage of 100 pAmin. With regard to 
previous measurements (chapter 8.1.1.1) at this coverage the clusters already coalesced. 
But, a comparison with polycrystalline copper, bulk Cu(111)3 and the free beam 
spectrum of Cu-342 the deposited clusters show similarities with the free beam spectrum. 
Apart from the strong cluster d-band signal the structure in the s-p-band region of the 
free beam clusters is reflected in the shoulders around -2 eV and -1 eV in the spectrum 
of the deposited Cu309 clusters. The fact that the clusters here are compared with bigger 

                                                 
3 The spectra for polycrystalline copper and Cu(111) are shifted so the position of the d-band signal fits 
the cluster spectra, i.e. the spectrum is shifted by the charging energy. 
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free beam clusters does not change this result. At this cluster size the difference in the 
UPS spectra is only small (see spectra of Cu-410 and Cu

-
256 in ref. [84]). 

 
Comparing the two free beam spectra of Cu55, Cu92 and Cu147 it is noticeable that they 
are slightly different from each other. The cluster d-band has a relatively higher 
intensity for the spectra from CHESHNOVSKY than in the spectra from Freiburg. 
Additionally, the peaks in the s-p-band region are sharper in the measurements from 
Freiburg than in the data from CHESHNOVSKY. Besides a lower cluster mass 
resolution and a lower photoelectron energy resolution one reason for these differences 
is the different photon energy used. Similarly differences between the free beam spectra 
and the spectra of the deposited clusters can be expected due to the different photon 
energy.  
 
As already mentioned in chapter 6.2 the lower the photon energy, the better electronic 
states near the Fermi edge can be measured. The probability to excite an electron in a 
specific state is given by the dependence of the transition matrix elements on the photon 
energy. In the simplest case (harmonic oscillator) the dipole transition matrix element M 
is proportional to the overlap integral between initial state of an electron i and its final 
state (outgoing electron) f [71]: 
 

∫∝ dVrM ifψψ   .                                                       (8.1) 

 
This means that with a high probability low-energy radiation excites states with a low 
angular momentum, because of the large cross-section of the wave functions of the low-
kinetic-energy final state electron and the low angular momentum initial state electron. 
Consequentially, the overlap for a high-kinetic-energy final state electron is also high 
for states with a high angular momentum initial state [71]. 
 
The photon energies used here are 6.43 eV (Freiburg), 7.9 eV (CHESHNOVSKY) and 
11.62 eV (argon discharge lamp used in this thesis). The sensibility for the electron 
states with a low angular momentum decreases with increasing photon energy as can be 
observed in figure 81. This context will be explained for the example of Cu92 and Cu147. 
 
Cu92 clusters show a 1h state with an angular momentum of l=5, which is split up into 
three main peaks and a 3s state (l=0) measured with a photon energy of 6.43 eV. For a 
higher photon energy (7.9 eV) the intensity of the 1h state increases whereas the 
intensity of the 3s state decreases. Additionally, the three peak structure of the 1h state 
gets lost. For the deposited clusters this trend goes on. The intensity of the 1h state 
becomes stronger whereas the 3s state is no longer visible, i.e., the sensibility for the 
electron states with a low angular momentum decreases with increasing photon energy. 
 
The 3p state of the Cu147 clusters has an angular momentum of l=1, whereas the 2g state 
has l=4. In the free beam spectra measured with 6.43 eV the 3p state shows a good 
resolution and is split in two states which are both clearly visible. With higher photon 
energy this splitting becomes less visible. This is amongst others the reason that the two 
peak structure of the 3p band is not visible in the spectra of the deposited clusters. 
Additionally, the intensity of the 2g state becomes stronger, relatively to the 3p state 
with increasing photon energy. In addition the cluster 2f state (l= 3) becomes smaller 
with increasing photon energy until it is no longer visible in the spectra of the deposited 
clusters, which are measured with the highest photon energy.  
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Another possible reason which could lead to a broadening of the peaks in the UPS 
spectra of deposited clusters compared with free beam clusters could be the so called 
“dynamic final state effect” [73, 77] (see chapter 6.2, figure 29). This effect was 
observed first for clusters grown in nanopits on HOPG [73], but recently also for mass 
selected gold clusters deposited on a thin silica layer, see e.g. ref. [117]. For free beam 
clusters the positive charge state just after the photoelectron emission stays constant 
over a time scale much larger than the time needed for the electron to escape. This 
results in well defined, sharp electron states in the spectra as can be observed in figure 
81 for the free beam spectra. The kinetic energy of the emitting electron is lowered due 
to the positive hole, but this solely results in a constant energy shift. For deposited 
clusters the situation immediately after the excitation of the photoelectron is the same as 
for the free beam clusters, but after a certain time  ( fs) the photohole is screened or a 
charge transfer from the substrate takes place and this change affects the kinetic energy 
of the emitting electron. This leads to a broadening of the UPS spectra for deposited 
clusters, if v· is of the order of the cluster radius, with v as the velocity of the leaving 
photoelectron.  
 
However, the thick xenon layer on the substrate should prevent a charge transfer 
between cluster and substrate on a timescale of femtoseconds. This should lead to 
sharper peaks in the UPS spectra than without the xenon layer. This is indeed the case if 
the results of copper clusters deposited directly on HOPG (chapter 8.1.1.2; figure 46) 
and on Xe/HOPG are compared. The spectra on Xe/HOPG show more and sharper 
features than the results on HOPG due to the weaker interaction between the clusters 
and the Xe/HOPG.     
 
Another reason for the differences between the spectra is their different energy 
resolution. The free beam spectra measured at Freiburg have an energy resolution of   
60 meV [88] and the spectra measured by CHESHNOVSKY have an energy resolution 
of 150 meV [85]. The better resolution contributes to the spectra regarding the sharper 
peaks in the measurements from Freiburg. The energy resolution of the electron 
analyser used to investigate deposited clusters in this thesis can be determined with the 
help of the Fermi edge measured for every experiment. The energy resolution is, among 
others, dependent on the pass energy and the size of the entering and exit slits of the 
energy analyser [42]. The pass energy usually used in this work is 10 V, but the size of 
the slits can vary. 
 
For the determination of the energy resolution from the Fermi edge the position of the 
Fermi edge has to be identified. Thereto the region before and after the Fermi edge are 
approximated by a straight line (figure 82). The position where a perpendicular line 
crosses the Fermi edge at 50 % of the intensity between these lines marks the position 
of the Fermi edge. Then the energies at 84 % and 16 % of the Fermi edge are 
determined and the difference is the energy resolution. But, the thermal broadening of 
the Fermi edge has also to be taken into account. It is given by TkE BT 4=∆  [42] with 

kB as the Boltzmann constant and T the temperature at which the Fermi edge was 
measured (in this case 50 meV for T= 150 K, as the Fermi edge was measured after 
xenon desorption). Therefore, the resulting energy resolution for the UPS measurements 
for deposited clusters on Xe/HOPG is slightly lowered from 160 meV to 150 meV.   
 
The energy resolution is nearly the same as in the CHESHNOVSKY spectra, but worse 
than the one for the data from Freiburg. The worse energy resolution leads to a 
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broadening of the spectral features in both cases with the result that some features are 
smeared out and no longer visible. 
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Figure 82: Fermi edge measured at the HB- holder of the manipulator at 150 K. The difference of 
160 meV between the energies at 84 % and 16 % of the intensity of the Fermi edge under 
consideration of the thermal broadening of the Fermi edge yield the energy resolution for this UPS 
measurement (copper clusters on Xe/HOPG). 

 
 
In addition, the mass resolution plays an important role. The mass resolution in the case 
of the spectra from Freiburg is m/dm~ 2000 [8], i.e. up to clusters with 2000 atoms can 
be resolved separately. CHESHNOVSKY can resolve copper clusters with up to 80 
atoms [85], which is slightly better than the resolution of the mass selector used for this 
thesis (50- 70 atoms per cluster, see chapter 4.1.3). A worse mass resolution leads to a 
broadening of the UPS spectrum because other cluster sizes than the desired one can 
pass the mass selector and contribute to the measurement. In the case of Cu147 also a 
small amount of Cu146 and Cu148 could have passed the mass selector and landed on the 
sample. However, the small amount of the other cluster sizes does not change the 
overall shape of the spectra.   
 
However, the fact that the clusters measured in this thesis are deposited on a surface can 
not be disregarded. This becomes clear looking at the shift needed to compare the 
results for free beam clusters with deposited clusters: an additional shift is needed (table 
3). Especially in the case of Cu-147 and Cu

-
152 the charging energy must be increased to 

match the results of the deposited clusters. Even though the shift between the spectra 
from Freiburg and CHESHNOVSKY and of the deposited clusters should be the same, 
there is a difference between the shift needed for the spectra from Freiburg and the 
spectra of CHESHNOVKY of about 0.1 eV. The main reason for this shift is the 
different cluster size. As can be observed in ref. [84, 85] the shape of the cluster spectra 
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is similar for a certain size range (compare, e.g., the spectra of Cu-193 and Cu
-
256 in [85]), 

but the position of the spectra shifts to higher energies with increasing cluster size. 
Therefore, a shift between the two different cluster sizes appears, but the shape of the 
spectra is nearly the same and can be compared with the spectrum of the deposited 
Cu147 clusters. 
 
One effect influencing the shift in table 3 could be the xenon layer. The charging energy 
of the free beam clusters is calculated with the help of equation (7.2) (chapter 7.2). In 
this equation  contains information about the surrounding of the cluster. Here  was set 
equal 0 what would be correct if the cluster would be surrounded by vacuum. But the 
clusters are deposited on xenon, where they can partially sink into. This would increase 
the value of . Hence, the charging energy would decrease.  
 
Another contribution to the additional shift could be that the electron affinity and 
ionisation energy change between the free beam clusters and clusters deposited on a rare 
gas. As already mentioned in chapter 7.2 the deposited clusters are no longer referenced 
to the Fermi energy, but to the vacuum energy of the substrate. So the onset of the 
cluster spectrum lies about the difference of the work function between cluster and 
substrate and  times the charging energy ( is a quantum correction of the bulk work 
function for a spherical particle) under the Fermi energy (figure 37 and 38, chapter 7.2) 
[90]. In the classic electrostatic drop model  equals 0.5 for a spherical particle [118]. 
But, it could be shown that for free cluster anions the value of  can differ from this 
number [8, 87, 119]. Especially for supported clusters this value becomes very small, 
see e.g., ref. [117] for supported gold clusters ( 12.0=α ). 
 
But, in equation (7.3), which is used to align the position of the free beam clusters with 
the deposited clusters,  does not appear. It is eliminated in the calculation of the shift 
between neutral and negatively charged clusters (equation (7.2)). In principle equation 
(7.3) transforms free beam cluster anions to neutral free beam clusters referenced to the 
vacuum energy of the system of the deposited clusters. As mentioned in [117]  can 
differ for free clusters and for deposited ones. This difference can be one reason for the 
additional shift needed for a comparison of the free beam clusters with the deposited 
ones.  
 
In summary, reasons for the differences between the UPS spectra of free beam and 
deposited clusters are, in this case, the different photon energy, partially the dynamic 
final state effect, the different energy resolution and the different mass resolution. The 
additional shift needed, leading to an increasing of the charging energy, can be a 
combination of effects as the screening by the xenon layer and differences in the 
electron affinity/ionisation energy after deposition. 
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8.2.2.1.2. CuN (N= 147, 309, 923)/ 60 ML Xe/ Cu(111) 

 
A comparison of free beam clusters with clusters deposited on 60 ML of xenon on 
Cu(111) (chapter 8.2.1.2) is presented in figure 83. 
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Figure 83: Comparison between free beam spectra and spectra of deposited clusters on 60 ML of 
xenon on Cu(111) measured in this thesis with the argon discharge lamp (11.62 eV). The spectra are 
shifted relatively to each other for a better comparability. The spectra of the deposited clusters are 
normalized. The energies used to measure the free beam spectra are 6.43 eV for the data from 
Freiburg [8] and 7.9 eV for the data from CHESHNOVSKY [84, 85]. The free beam spectra are 
shifted to compare them with deposited clusters. The results for Cu112 are not discussed here due to 
the low statistics of this measurement (see chapter 8.2.1.2). 

 
 
The free beam spectra are shifted according to equation (7.3). The work function of 
Cu(111) is 4.94 eV [114] and the charging energies are given in table 4. The most 
striking similarity between the deposited spectra and free beam spectra can be found 
again in the case of Cu147. In all three measurements the 3p and the 2g state is visible. 
Because of the lower intensity of these measurements (see chapter 8.2.1.2) and the fact 
that all three spectra show the same result, it is justifiable to average over these three 
measurements. The resulting spectrum is also presented in figure 83. Here, the 
similarities between the free beam spectra and the averaged Cu147 spectrum of the 
deposited clusters are even more eye-catching. The reason for the lower intensity and 
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the resulting poorer statistic is that the size of the exit slit of the energy analyser was 
reduced for these measurements. This increased the energy resolution (now 80 meV; 
calculated as described in the previous chapter) but at the cost of intensity, as explained 
in ref. [42]. For this case the increasing of the energy resolution did not lead to a better 
result concerning the UPS spectra of the deposited clusters.  
 
 
copper  cluster   cluster  height  for  

spherical clusters [nm] 
charging energy [eV]  additional  shift 

needed [eV] 

147 1.49 1.71  0.75

152 1.50 1.69  0.65

342 1.97 1.33  0.27
Table 4: Charging energy for negatively charged free beam clusters and additional shift needed to 
compare deposited clusters with free beam clusters in the case of copper clusters deposited on 
Xe/Cu(111). 

 
 
For Cu309 the resemblance between the free beam (indeed Cu

-
342) and the deposited 

spectra is not so clear. Apart from the cluster d-band the peak at -2 eV is visible in both 
spectra, but the structure in the free beam spectrum between -1.5 eV and -0.5 eV is not 
visible in the spectrum for the deposited clusters.  
 
For Cu923 no free beam spectra exist so the deposited clusters are compared with spectra 
of bulk copper (both bulk spectra are again shifted slightly). The Cu923 clusters are in 
the transition region where first bulk properties begin to develop [2] (see chapter 2). The 
resemblance to the UPS spectrum of polycrystalline copper for a low coverage could be 
a proof for this assumption. For the high coverage (100 pAmin) the clusters probably 
already coalesced.  
 
For a proper comparison of the free beam clusters with the deposited clusters the spectra 
of the free beam clusters again needed an additional shift (table 4). For the cluster sizes 
in table 4 in comparison to the shifts needed on HOPG the difference of the shifts      
(0.4 eV) illustrates the influence of the substrate on the cluster spectra (this will be 
discussed in more detail in chapter 8.2.2.1.4). But in the previous chapter no additional 
shift was needed for Cu55, Cu90 and Cu92. It is possible that for these cases also an 
additional shift should occur, but the deposited clusters have only a poor structured s-p-
band region, which could be used as a clear indication for an additional shift. Therefore, 
it is difficult to determine the right additional shift for the small free beam clusters.  
 
Two possible origins of the additional shift are already described in the previous 
chapter. Another possible reason for the additional shift in table 4 could be the influence 
of the xenon layer on the work function of the substrate and the influence of the electron 
affinity of the rare gas, see ref. [113]. As already mentioned the adsorption of a xenon 
layer reduces the work function of the substrate (in the case of xenon on Au(111) the 
work function is reduced by 0.3 eV). Assuming that xenon reduces the work function of 
all metal substrates about the same value, the remaining shift of about 0.5 eV may be 
explained assuming an influence of the electron affinity of the xenon (EAxenon= 0.5 eV). 
This is discussed in detail for copper clusters deposited on Ar/Xe/Ag(111) (see chapter 
8.2.1.4). For Xe/HOPG the influence of the xenon layer on the work function of the 
substrate could be different which could result in a different shift. 
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The other differences between the UPS spectra of the free beam clusters and the 
deposited clusters come from the different photon energies used for the measurements, 
the different energy and mass resolutions and partially from the dynamic final state 
effect, as already discussed above.  
 

8.2.2.1.3. CuN (N= 147, 309, 923)/ 60 ML Xe/ Au(111) 

 
A comparison between UPS spectra of deposited clusters and free beam clusters is 
depicted in figure 84. 
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Figure 84: Comparison between free beam spectra and spectra of deposited clusters on 60 ML of 
xenon on Au(111) measured in this thesis with the argon discharge lamp (11.62 eV). The spectra are 
shifted relatively to each other for a better comparability. The spectra of the deposited clusters are 
normalized. The energies used to measure the free beam spectra are 6.43 eV for the data from 
Freiburg [8] and 7.9 eV for the data from CHESHNOVSKY [84, 85]. The free beam spectra are 
shifted to compare them with deposited clusters. Only the results of the second measurement and 
the Cu923 clusters from the first measurement from chapter 8.2.1.3 are discussed here. 
 
 

The free beam spectra are shifted according to equation (7.3). The work function of 
Au(111) is 5.31 eV [114] and the charging energies are given in table 5. As already 
described in chapter 8.2.1.3 the structure in the s-p-band region is not as pronounced as 
for the clusters on Xe/HOPG and Xe/Cu(111). In the case of the deposited Cu147 
clusters only the 3p state can clearly be distinguished. The 2g state is only visible as a 
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slight shoulder around -0.5 eV. The reason for the differences to the previous 
measurements could be the higher coverage. Indeed for an experiment on Xe/Cu(111) 
Cu147 clusters were deposited with the same coverage, but as the intensity of the 
resulting spectrum was the same as for the clusters deposited with 20 pAmin the 
assumption was in this case that the cluster spot was not measured in the center but at its 
rim where the coverage was lower. Due to the higher coverage here some clusters may 
already be coalesced which would distort the result and lead to an additional broadening 
of the spectrum.  
 
 

copper  cluster   cluster  height  for  
spherical clusters [nm] 

charging energy [eV]  additional  shift 
needed [eV] 

147 1.49 1.71  0.75

152 1.50 1.69  0.65

342 1.97 1.33  0.47
Table 5: Charging energy for negatively charged free beam clusters and additional shift needed to 
compare deposited clusters with free beam clusters in the case of copper clusters deposited on 
Xe/Au(111). 

 
 
In the case of Cu309 deposited with 30 pAmin a shoulder at -1.5 eV appears which can 
not really be assigned to a structure in the free beam spectrum of Cu-342. Maybe in the 
case of the deposited clusters the structure in the s-p-band region broadened so that only 
one peak remains which results in the given shoulder. Cu309 deposited with 100 pAmin 
did not show any resemblance with the free beam spectrum differently than for Cu309 
deposited on Xe/HOPG. It seems that only the cluster d-band is visible. It is possible 
that in the latter case the UPS spot was not in the center of the cluster spot so that the 
rim was measured where the cluster did not coalesced yet.  
 
For Cu923 also deposited with 100 pAmin the spectrum equals Cu(111) bulk as in the 
previous chapter. The clusters are coalesced and may form islands with a Cu(111) 
structure.  
 
Again an additional shift is needed to compare the free beam spectra with the spectra of 
the deposited clusters (table 5). The shift is of the same magnitude as on Xe/Cu(111). 
But it is difficult to determine the shift in the case of Cu309 because of the missing 
structure in the s-p-band region due to the broadening of the spectrum.  
 
A reason for the broadening of the UPS spectra of the deposited clusters is the energy 
resolution, here 120 meV. Hence the energy resolution is better than for the spectra of 
CHESHNOVSKY (150 meV) [85], but the spectra of the deposited clusters seem 
broader. One reason for this may be the higher coverage used for the deposition of the 
clusters than in the previous measurements (especially for Cu147). Other reasons for the 
broadening were already discussed above.  
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8.2.2.1.4. Summary for copper clusters 

 
In summary the comparison of the UPS spectra of deposited clusters with free beam 
clusters shows the best agreement for Cu147 

4. Therefore, in figure 85 the measurements 
for Cu147 clusters on Xe/HOPG, Xe/Cu(111) and Xe/Au(111) are presented in one plot. 
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Figure 85: Comparison between UPS spectra of Cu147 clusters deposited on three different 
substrates and free beam spectra. For Cu147 on Xe/HOPG and Xe/Cu(111) the position of the 3p 
and 2g state is the same, whereas on Xe/Au(111) the whole spectrum is shifted about 0.4 eV to 
higher energies. For Cu147 on Xe/Cu(111) the mean value of the three measurements is depicted.   
 
                                                 
4 The results for copper clusters on Ar/Xe/Ag(111) (chapter 8.2.1.4) are not discussed here because of the 
poor cluster signal. 
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On all three substrates the spectra show similar results for deposited Cu147 clusters 
which are in good agreement with the free beam spectra. But according to ref. [90] the 
cluster spectra should be shifted about the difference of the work function of the 
different substrates. Due to the xenon layer the clusters are decoupled and no longer 
referenced to the Fermi edge, but to the vacuum energy of the substrate. Dependent on 
the substrate the cluster spectrum is shifted to higher or lower energies. However, the 
spectra on Xe/HOPG and Xe/Cu(111) show no shift relative to each other, so the peaks 
are at the same positions in spite of a work function difference of 0.4 eV. In contrast, 
the Cu147 cluster spectrum on Xe/Au(111) shows a shift of about 0.4 eV relating to the 
spectra on Xe/Cu(111), which corresponds to the work function difference between 
Cu(111) (4.94 eV) and Au(111) (5.31 eV) [114].  
 
The missing shift between the experimental results of HOPG and Cu(111) can be 
identified in the additional shift needed to compare the free beam spectra with spectra of 
deposited clusters (table 3 (0.35 eV for HOPG) & 4 (0.75 eV for Cu(111))). The 
difference between the additional shifts is 0.4 eV and cancels the difference between the 
work function of HOPG (4.5 eV) and Cu(111) (4.94 eV) [114]. The xenon layer can 
change the work function of the substrate, as observed in [90], and lead to an additional 
shift in the cluster spectra. This effect can be different for HOPG and the metals copper 
and gold. 
 
In figure 86 the position of the copper cluster d-band flank is plotted versus the cluster 
size. It is observable that in all experiments (independent of the substrate) the position 
of the d-band flank shifts to higher energies with increasing cluster size. But, for 
clusters deposited on substrates without a xenon layer the overall shift is smaller than 
for clusters deposited on xenon. The reason for this behaviour is that for the clusters 
deposited directly on HOPG or Ag(111) the highest occupied state of the clusters aligns 
to the Fermi edge of the substrate due to the stronger cluster surface interaction. On 
HOPG the shift of the cluster d-band includes the dynamic final state effect on HOPG, 
as already observed in [73, 77]. This effect is stronger for smaller clusters which results 
in a higher shift with decreasing cluster size, as observed here. On Ag(111) this effect 
did not occur possibly because of the high conductivity of the substrate. Therefore the 
shift observed on Ag(111) can be directly related to a size dependent change in the 
electronic structure of the clusters. 
 
For clusters deposited on xenon the main shift of the cluster d-band flank comes from 
the charging energy iE∆  of the cluster. The charging energy becomes smaller with 

increasing cluster size (
R

Ei 1∝∆ , with the cluster radius R; see equation (7.2) in 

chapter 7.2) which results in a smaller shift of the cluster spectrum for bigger clusters. 
In addition the position of the cluster spectrum, and therewith the position of the cluster 
d-band, is dependent on the work function difference between the cluster material and 
the substrate (as discussed above). The influence of the charging energy and the work 
function difference superimpose with the shift of the cluster d-band resulting from a 
cluster size dependent change of the electronic structure. 
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Figure 86: Position of the copper cluster d-band flank for different cluster sizes on different 
substrates.  The results on HOPG were measured with the helium discharge lamp and the other 
results with the argon discharge lamp.  

 
 

8.2.2.2. Silver clusters 
 
A comparison of UPS spectra of deposited silver clusters on 60 ML xenon on Ag(111) 
is depicted in figure 87. Only the cluster s-p-band region is visible. Comparing the 
spectra deposited with 20 pAmin coverage with the spectra of Ag309  deposited  with    
100 pAmin a strong similarity is visible in contrast to the spectra of the clusters 
deposited with 10 pAmin. It seems that at a coverage of 20 pAmin the silver clusters 
already coalesced on the surface. Therefore, only the spectra of clusters deposited with 
10 pAmin coverage are compared with the free beam spectra and used for the 
discussion.  
 
The free beam spectra are shifted according to equation (7.3). The work function of 
Ag(111) is 4.74 eV [114] and the charging energies are given in table 6. The best 
agreement between the free beam spectrum and the spectrum of deposited clusters 
shows Ag92. The three peaks of the 1h state are broadened and fused to one peak. One 
reason for the broad spectrum of the deposited clusters is the worse energy resolution 
(160 meV, calculated as described above) in comparison with the energy resolution of 
the spectra from Freiburg (60 meV) [88]. But, more important are other broadening 
mechanisms, which are discussed above. 
 
Ag55 deposited with a coverage of 10 pAmin shows a similar structure like Ag92. Here 
the single peaks which are visible in the free beam spectra also fused to one broad peak. 
The same happens in the case of Ag147. But, here the resulting peak is broader and looks 
more like a plateau. 
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Figure 87: Comparison between free beam spectra and spectra of deposited clusters on 60 ML of 
xenon on Ag(111) measured in this thesis with the argon discharge lamp (11.62 eV). The spectra are 
shifted relatively to each other for a better comparability. The spectra of the deposited clusters and 
the spectra from Freiburg are normalized. The energies used to measure the free beam spectra are 
6.43 eV for the data from Freiburg [8] and 7.9 eV for the data from CHESHNOVSKY [84, 85]. The 
free beam spectra are shifted to compare them with deposited clusters. The bands of the free beam 
spectra are labeled by the quantum numbers of the corresponding states in the spherical free 
electron model [116].  The small peak in the Ag-92 free beam spectrum at -0.8 eV comes from the 
negative charge of the free beam cluster. The extra electron begins to fill up a new electronic state 
(2f). For Ag309 no free beam spectra exist. 
 
 
For best agreement between the free beam spectra and the spectra of the deposited 
clusters again an additional shift to equation (7.3) is needed (table 6). The shift needed 
in the case of Ag92 and Ag147 is the same as for copper clusters on Xe/Cu(111) and 
Xe/Au(111) which is in agreement with the results from ref. [90] (see chapter 8.2.2.1.2 
& 8.2.2.1.3).  
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silver  cluster   cluster  height  for  
spherical clusters [nm] 

charging  energy  
[eV] 

additional shift 
needed [eV] 

55  1.22 2.03 0.50  

92  1.44 1.75 0.75  

147  1.69 1.53 0.75  
Table 6: Charging energy for negatively charged free beam clusters and additional shift needed to 
compare deposited clusters with free beam clusters in the case of silver clusters deposited on 
Xe/Ag(111).  

 
 
With the argon gas discharge lamp it  is  not  possible  to  measure  the  silver  cluster          
d-band. Therefore, the position of the cluster s-p-band is investigated for the clusters 
deposited with 10 pAmin coverage (figure 88). The s-p-band flank was measured at half 
the height of the s-p-band peak. With increasing cluster size the position of the s-p-band 
flank shifts to higher energies. This is a similar result as for the position of the cluster  
d-band for copper clusters in the previous chapter. It can be assumed that the reasons for 
the shift of the cluster s-p-band are the same as for the cluster d-band in the previous 
chapter. 
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Figure 88: Position of the cluster s-p-band flank for silver clusters deposited on 60 ML xenon on 
Ag(111).
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9 Summary and Outlook 
 
 
This chapter summarizes the results obtained within this thesis and gives a brief outlook 
on future trends and experiments.  
 
 

9.1. Summary 
 
Clusters on pure substrates:  
In the first part of the experimental results cluster were deposited on pure substrates 
(HOPG and fcc metal) without any rare gas adsorbed on the substrate. Compared to 
clusters deposited on rare gas layers this leads to a stronger cluster- surface interaction.  
 
Silver clusters (Ag55-Ag923) were deposited on HOPG at a sample temperature of 125 K 
with different coverages (10 pAmin-129 pAmin) and measured with UPS with the 
helium gas discharge lamp. It could be observed that UPS spectra of small clusters 
(Ag55-Ag147) deposited with a low coverage ( 20 pAmin) resemble the UPS spectrum 
of polycrystalline silver. Spectra of small clusters deposited with a high coverage and 
big clusters (Ag309-Ag923), independent of their coverage, look like the UPS spectrum of 
Ag(111). After annealing of the sample with the big clusters up to room temperature the 
spectra changed from Ag(111) like to polycrystalline silver, except for the clusters 
deposited with the highest coverage (Ag561/63 pAmin). Here the spectrum still 
resembles Ag(111). From these measurements the best cluster coverage for silver 
clusters on HOPG at 125 K sample temperature could be determined. The resemblance 
of the spectra to polycrystalline silver for coverages  20 pAmin (in the case of big 
clusters, after annealing) is a hint, that the clusters are not coalesced at this coverage and 
lie randomly on the surface for T= 125 K. For higher coverages the clusters already 
coalesced and build Ag(111) oriented silver islands. Hence, for clusters deposited on 
HOPG at 125 K sample temperature the best cluster coverage is  20 pAmin. But, for 
lower sample temperatures and/or other sample materials this value can vary, according 
to the mobility of the clusters on the substrate material.     
 
In a second experiment on HOPG copper clusters (Cu34-Cu92)  were  deposited  at          
T= 125 K with different coverages (15 pAmin-70 pAmin) and investigated via UPS 
with the helium gas discharge lamp. Due to a high similarity between the UPS spectrum 
of polycrystalline copper and Cu(111) it was more difficult to compare the UPS spectra 
of the copper clusters with bulk copper. But, despite this limitation and problems 
occurring during the cluster deposition (see chapter 8.1.1.2) an overall agreement with 
the results of silver clusters on HOPG could be reached. In addition the position of the 
cluster d-band flank was investigated. In agreement with previous measurements [98] of 
evaporated copper clusters on amorphous graphite the position of the cluster d-band 
flank shifts with increasing cluster size to higher energies. In contradiction to previous 
publications of metal clusters on HOPG [99, 100] where mainly a charge related final 
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state effect was discussed this energy shift comes from a size related change in the 
electronic structure of the clusters. 
 
In order to prove size effects without charge related final state effects copper clusters 
were deposited on Ag(111) at  20 K substrate temperature. Due to the high conductivity 
of the metal substrate a possibly occurring final state effect can be excluded. Again a 
size dependent shift of the onset of the cluster d-band could be observed. But, here the 
shift is smaller than for copper clusters on HOPG (0.07 eV instead of 0.15 eV) this 
could be a hint that on HOPG possibly a reduced dynamic final state effect [77] appears 
which is responsible for a higher shift. 
 
Compared to clusters on fcc metals, clusters deposited on HOPG experience a relatively 
weak cluster surface interaction. The strong interaction between cluster and fcc metal 
substrate, changing also the cluster geometry, was investigated with STM for deposited 
silver clusters at 77 K and 5 K substrate temperature. It could be observed that silver 
clusters deposited and measured at 77 K substrate temperature on Au(111)/mica 
develop a structure consisting of several silver monolayers [40], whereupon clusters 
deposited with  15 eV deposition energy per cluster show two heights in a histogram 
differing by one silver monolayer. The height of this layered structure varies with the 
amount of silver atoms in the clusters and the deposition energy per cluster. 
Additionally molecular dynamic (MD) simulations were performed which could 
reproduce the experimental data, but lead to clusters constantly higher of about one 
silver monolayer than the experimental data for deposition energies  15 eV.  The 
assumption was that even at 77 K a post-deposition decay process occurs which takes 
place on a timescale of some hours, much longer than the possible time for MD 
simulations.  
 
In an additional experiment Ag55, Ag86 and Ag147 were deposited at much lower 
temperatures (11 K) on Au(111)/mica and investigated with the STM at T= 5 K. Here 
the clusters show only one peak in the histograms with a height in between two silver 
monolayer heights. Then the sample was annealed for 1 h at 77 K and again measured 
with the STM at 5 K. The results obtained here reproduce the results of the silver 
clusters deposited and measured at 77 K.  But, because of a poor statistics for the 
measurements it is difficult to say if a two peak structure in the measurements before 
the annealing process would be visible with more statistics. Therefore the mean height 
of the clusters was investigated. For Ag55 and Ag147 the average cluster height before 
and after annealing is the same, within the statistical error. But for Ag86 a height 
difference of about one half silver monolayer before and after annealing is visible, 
indicating a real difference between the measurements at 5 K and at 77 K. The results 
obtained for the height measurements at 5 K were also studied using MD simulations. 
Again some differences were visible regarding the cluster height. The reason for these 
differences is not quite clear and needs more investigation. But one possible reason 
could be that the clusters are too hot during deposition and freeze on the surface in a 
random orientation which would explain the missing peaks in the experimental data or 
the broad size distributions. Another possibility is that the cluster is so hot just after 
deposition that some atom monolayers already decay in the few picoseconds after 
deposition before the cluster cools down which would lead to a different height 
distribution than in the simulation.  
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Clusters on rare gas layers: 
In the second part of the experimental results copper and silver clusters deposited on 
rare gas layers (mostly xenon) on different substrates were investigated. Clusters on rare 
gas layers show a very weak cluster-surface interaction and can be considered as “quasi 
free”. 
 
Copper clusters were deposited on 60 ML xenon on HOPG, Cu(111) and Au(111) with 
different sizes and coverages and investigated via UPS with the argon gas discharge 
lamp. On all substrates a size dependent cluster signal of the s-p-band region of the 
clusters was visible. The different shapes of the spectra are a hint that the deposited 
clusters show a differing, cluster size dependent electronic structure. The obtained 
spectra were compared with results from clusters measured in the free beam [8, 84, 85] 
and some similarities between the UPS spectra of free beam clusters and deposited 
clusters could be found. Especially in the case of Cu147 a good agreement between the 
spectra was observable. But, to compare the UPS spectra properly the free beam spectra 
had to be shifted according to equation (7.3) (chapter 7.2). The shift is necessary 
because of the different reference energies of the spectra (free beam clusters: Evac= 0 
eV; deposited clusters EF= 0 eV) and the different charging of the clusters (free beam 
clusters: negatively charged; deposited clusters: neutral). After this the free beam 
spectra are also referenced to the Fermi energy and can be compared with UPS spectra 
of deposited clusters. But, an additional shift was needed for a good agreement between 
the cluster spectra (in the case of Cu147: on HOPG: 0.35 eV; on Cu(111): 0.75 eV; on 
Au(111): 0.75 eV). There are different possible reasons for the necessity of the 
additional shift. One reason could be that the clusters partially sink into the xenon layer. 
This changes the surroundings of the clusters and the value of  in equation (7.2) for the 
cluster charging energy. However this would reduce the charging energy and therefore 
it can contribute only in combination with other reasons for the shift. The value of  
influencing the absolute position of the electron affinity and the ionisation potential [8] 
varies for free beam clusters and deposited ones [117] and can be a reason for a 
different position of the UPS spectra of free beam clusters and deposited clusters. A 
third possible reason could be the influence of the electron affinity of xenon and the 
reduction of the work function of the substrate due to the xenon layer [113]. A 
combination of all these possible reasons is imaginable. But further investigations are 
necessary. 
 
The position of the cluster d-band flank for clusters deposited on xenon was 
investigated. The position of the cluster d-band flank shifts with increasing cluster size 
to higher energies. For clusters on xenon the shift was bigger than for clusters on HOPG 
and Ag(111). The main reason for this is the contribution of the cluster size dependent 
charging energy of the clusters deposited on xenon (see, e.g., figure 37 & 38).  
 
Because the results for Cu147 were the best obtained for these measurements their results 
on different substrates were compared with each other. An overall good agreement 
regarding the shape of the cluster spectra could be observed on the different substrates 
demonstrating that the obtained results are independent of the underlying substrate. In 
addition a shift of the energy position of the cluster spectrum could be observed 
dependent on the work function of the substrate as already observed for big clusters and 
metal islands in [90]. The cluster spectra on Xe/Au(111) are shifted about 0.4 eV to 
higher energies related to the spectra on Xe/Cu(111), which is the difference of the 
work function of Cu(111) (4.94 eV) and Au(111) (5.31 eV) [114] and confirms the 
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results from ref. [90]. The Cu147 spectra on Xe/HOPG and Xe/Cu(111) lie at the same 
energy position in the UPS spectrum. The missing shift can be identified in the 
additional shift needed to compare the free beam spectra with the spectra of deposited 
clusters (on HOPG: 0.35 eV; on Cu(111): 0.75 eV). The difference between the 
additional shifts cancels the difference between the work function of HOPG (4.5 eV 
[107, 108]) and Cu(111). As already mentioned the xenon layer can change the work 
function of the substrate, but this change can be different for HOPG and the metals 
copper and gold. 
 
In addition to xenon, copper clusters (Cu55- Cu309) were deposited on 10 ML argon on 
top of 60 ML xenon on Ag(111). Comparing the obtained UPS spectra with spectra of 
copper clusters on Xe/Cu(111) it becomes clear that the spectra on argon are shifted to 
higher energies. The cluster d-band is clearly visible and the s-p-band is shifted above 
the Fermi edge. A possible reason for this shift could be the influence of the electron 
affinity of the rare gas layer. It was described in ref. [112] that the electron affinity 
shifts the vacuum energy of the substrate in the phase accumulation model of the 
surface state and with this the energy of the surface state. Similarly the electron affinity 
can also influence the energies here. In addition the adsorption of xenon decreases the 
work function of the substrate and it is possible that an additional layer of argon would 
lead to an additional decrease of the substrate work function, as in the case of a simple 
xenon layer. Additionally the work function difference between the cluster material 
(copper) and the substrate (Ag(111)) leads to an extra shift in the UPS spectrum, as for 
copper clusters on Au(111). So the influence of the electron affinity of the rare gas 
layer, the work function decrease and the work function difference between cluster and 
substrate could be responsible for the shift of the cluster spectra on Ar/Xe/Ag(111). But 
to prove this assumption further investigations are necessary. 
 
In addition to copper, silver clusters were deposited on 60 ML xenon on HOPG and 
Ag(111). On HOPG it was not possible to detect a cluster signal with UPS. This 
behaviour suggests that the silver clusters sunk into the xenon layer. This behaviour was 
already observed for silver clusters deposited on Xe/GaAs [115]. The clusters are 
covered with a xenon skin and than drawn through the xenon layer via van der Waals 
forces until they reach the substrate. To avoid this experiments of silver clusters 
deposited on Xe/Ag(111) at lower temperatures were performed. 
 
Silver clusters (Ag55- Ag309) were deposited on 60 ML xenon on Ag(111) and 
investigated with UPS. A size dependent s-p-band signal could be detected, but it was 
not possible to measure the cluster d-band because  of  the  used  photon  energy           
(h= 11.62 eV). Therefore the flank of the cluster s-p-band was investigated which 
shows a similar behaviour as the cluster d-band in the case of deposited copper clusters: 
With increasing cluster size the position of the s-p-band shifts to higher energies. This is 
in agreement with former investigations (see ref. [85]). The obtained spectra were 
compared with cluster spectra measured in the free beam [8] and again some similarities 
could be found regarding the shape of the cluster spectra, especially in the case of Ag92. 
For a proper comparison of the free beam spectra with the spectra of deposited clusters 
the free beam spectra were shifted according to equation (7.3) (chapter 7.2). As for the 
copper clusters again an additional shift is needed for a good agreement between the 
spectra. The shift is of the same dimension as for copper clusters on Xe/Cu(111) and 
Xe/Au(111) which confirms the results from ref. [90] (see above).  
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Concluding one can say that it was possible to compare results of deposited clusters on 
a xenon layer on different substrates with UPS results of free beam clusters measured 
with different photon energies successfully. The shift needed to compare UPS spectra of 
charged free beam clusters with spectra of neural clusters deposited on rare gas layers 
could be calculated successfully up to some tenth eV. Furthermore the obtained results 
could be proved to be reproducible on the same and on different substrates. Occurring 
differences between different sample systems could be described correctly. But, it 
became apparent that the models used need further refinement. 
 
 

9.2. Outlook 
 
The reasons for the shift of copper clusters deposited on Ar/Xe/Ag(111) versus copper 
clusters deposited on, e.g., Xe/Cu(111) and the reasons for the additional shift necessary 
for the comparison of free beam clusters and deposited ones need more detailed 
investigation. Thereto current UPS experiments are running to investigate the behaviour 
of C60 molecules, which represent a well known model system, evaporated on different 
substrates and different adsorbed rare gas layers. 
 
For future experiments another substrate will be used than rare gas layers adsorbed on 
surfaces, namely alumina (Al2O3). For this purpose thin Al2O3 films are grown on a 
Ni3Al(111) single crystal by surface oxidation [120]. The goal is to deposit size selected 
metal clusters on this oxide surface and investigate them with UPS, STM and STS. 
Therefore a collaboration with Conrad Becker from the “Université de la Méditerranée” 
and “Université Paul Cézanne” is started.  
 
Alumina films on Ni3Al(111) show a superstructure due to the superposition of the 
hexagonal Ni3Al(111) substrate lattice and the hexagonal oxygen layers. As a result a 
“network structure” develops with an internal so-called “dot structure” [120]. The dot 
structure comes from special electronic states of the alumina film and presents a good 
template for the nucleation and growth of clusters. After evaporation of metal onto this 

surface this results in a well ordered cluster arrangement with a °× 30)33( R  

symmetry of the clusters which represents a perfect model of a supported catalyst. In 
addition evaporated metal clusters on alumina show a high temperature stability. For 
further information see ref. [120]. 
 
The results in the literature refer only to clusters grown on alumina which results in a 
broad size distribution of the clusters. Therefore the investigation of size selected 
clusters deposited under controlled conditions represents an interesting new point of 
view. The question is if the deposited clusters are mobile on the surface and also 

arrange themselves in a °× 30)33( R  symmetry as in the case of the grown clusters 

or lie randomly on the surface. 
 
In addition the change of the electronic structure of the clusters due to the stronger 
interaction with the surface will be investigated in comparison to the electronic structure 
of free beam clusters.     
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To enable the preparation of the desired thin alumina films a heating station [42] will be 
put in operation in the preparation chamber of the surface science facility in the near 
future. 
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10 Appendix 
 
 

10.1. Transmission electron microscopy 
 
This chapter presents results received during a collaboration with the “Max Planck 
Institut” (MPI) in Stuttgart. First the working principle of a transmission electron 
microscope (TEM) is described and then sample preparation and experimental results 
are presented.  
 
For TEM a sample is illuminated with an electron beam and the electrons are 
transmitted through the sample where they interact with its atoms. A part of the 
electrons pass through the sample without interaction and the other part is scattered 
elastically and inelastically. The energy loss of the inelastically scattered electrons can 
be used for spectroscopic measurements (electron energy loss spectroscopy (EELS)) 
and allows an investigation of, e.g., the chemical composition of the sample. 
 
An image of the sample is formed by measuring the electrons that are not scattered but 
go right through the sample. The scattered electrons are suppressed with the help of a 
slit. At thicker structures the electrons are scattered more than at thinner ones so the 
intensity of the transmitted electrons is higher the thinner an object is. In this way an 
image of the structure of the sample is achieved.  
 
The MPI in Stuttgart uses a special type of TEM, a scanning transmission electron 
microscope (STEM). Here, a focussed electron beam is scanned over a specific area in a 
raster. With a STEM high-resolution images are possible by measuring the incoherent 
elastically scattered electrons from the sample, which exit in a high angle. This method 
is called high-angle annular dark field (HAADF) [121] imaging and was used here to 
measure clusters deposited on thin surfaces. The intensity of the HAADF signal is 
dependent on the atomic number of the sample material and for thin samples also on its 
thickness. 
 
A schematic of a typical TEM is presented in figure I. For a detailed description of the 
working principle and set-up of a transmission electron microscope see, e.g. ref. [121, 
122].  
 
For TEM measurements special samples are needed (figure II) which do not fit in the 
sample manipulator used here. Therefore, a special sample holder was build by 
Christoph Schröder for cluster deposition (figure II). The samples are placed in the 
holes in a way they are not damaged and the grid prevents the samples from falling 
down.  
 
Silver clusters with 923, 1100, 1200 and 2493 atoms were deposited on the TEM 
samples at room temperature with 20 pAmin coverage, respectively. The deposition 
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procedure was the same as described in chapter 5.2, including a soft landing of the 
clusters.  
 
 

 
Figure I: Typical set-up of a transmission electron microscope. [121] 

 
 

 
Figure II: Left: Sample holder for the TEM samples build by Christoph Schröder. Right: The two 
TEM samples used. Top: 2 nm amorphous carbon on a copper grid. Bottom: 5 nm silica in nine 
100µm x 100 µm openings. Diameter: 3 mm. 
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After deposition the clusters were exported from the vacuum chamber and send in a 
bottle filled up with argon to the MPI in Stuttgart for TEM measurements. A selection 
of the resulting TEM images is presented in figure III. 
 
 
 

    
 

 
 
 
Figure III: STEM images of silver clusters deposited on a 5 nm silica or a 2 nm amorphous carbon 
substrate.  The images were made in the HAADF mode. 

 
 
From the TEM images the width of the clusters can be determined. The width of the 
clusters was measured as the full width half maximum in the greyscale images by visual 
inspection. The measured width and calculated cluster heights for spherical clusters are 
given in table A. 
 
 
cluster number  of 

counted clusters 
width measured with 
TEM [nm] 

cluster height for spherical 
clusters [nm] 

923 31 3.03 ± 0.27 3.12
1100 40 3.34 ± 0.30 3.30
2493 7 5.59 ± 0.76 4.34

Table A: Measured cluster width and calculated cluster heights for the deposited clusters. The 
error of the measured width is the error of the standard deviation. Ag923 and Ag1100 were deposited 
on 2 nm amorphous carbon and Ag2493 was deposited on 5 nm silica.  

Ag2493/ 5 nm Si Ag923/ 2 nm C 

Ag1100/ 2 nm C 
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The results for Ag923 and Ag1100 are of the same magnitude as the calculated height. 
Ag923 was already measured with the STM by Stefanie Duffe during her dissertation on 
one and two monolayers C60 on HOPG at 77 K with similar results for the cluster height 
as in the TEM measurements [47]5. The reason for the big difference in the case of 
Ag2493 could be the poor statistics combined with the worse image quality on the silica 
substrate as can already be seen in the big error of the standard deviation. In addition 
silver clusters deposited on silica show a strong cluster-surface interaction, see, e.g., ref. 
[123], which leads to a deformation of the clusters. In [123] an axial ratio of 86.0=ac  

was determined for the clusters, with a as the major axis parallel and c as the minor axis 
perpendicular to the substrate, i.e. the clusters become “flatter” but also “broader”. This 
could also be a possible reason for the difference between the measured and the 
calculated cluster height in the case of Ag2493.                               

                                                 
5 On one ML C60: 2.98±0.18 nm; on two ML C60: 3.06±0.22 nm [47]. 
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10.2. Parameter for cluster deposition  
 

Ag/HOPG 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

55  5901  15  1 min 21 sec 40  -3.4  X= 23.5 mm 
Y=15 mm 
Z=176.5 mm 
Φ= 74° 

55  5901  30  2 min 42 sec 40  -3.4  X= 23.5 mm 
Y=12.5 mm 
Z=176.5 mm 
Φ= 74° 

71  7613  15  2 min  40  -3.3  X= 23.5 mm 
Y=10.2 mm 
Z=176.5 mm 
Φ= 74° 

71  7613  30  4 min  40  -3.3  X= 23.5 mm 
Y=10 mm 
Z=179 mm 
Φ= 74° 

92  9859  15  2 min 30 sec 40  -2  X= 23.5 mm 
Y=10 mm 
Z=181.5 mm 
Φ= 74° 

147  15742  10  2 min 38 sec 40  -0.3  X= 23.5 mm 
Y=15 mm 
Z=179 mm 
Φ= 74° 

147  15742  20  5 min 16 sec 40  -0.3  X= 23.5 mm 
Y=15 mm 
Z=181.5 mm 
Φ= 74° 

55  5901  129  15 min  40  -3.4  X= 23.5 mm 
Y=12.5 mm 
Z=181.5 mm 
Φ= 74° 

 
Substrate temperature during deposition: 70 K 
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cluster mass 
[amu] 

coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

147  15710  10  2 min 34 sec 40  7  X= 22.5 mm 
Y=15 mm 
Z=180 mm 
Φ= 74° 

309  33001  10  2 min 52 sec 40  12  X= 22.5 mm 
Y=15 mm 
Z=182.5 mm 
Φ= 74° 

309  33001  20  5 min 43 sec 40  12  X= 22.5 mm 
Y=10 mm 
Z=182.5 mm 
Φ= 74° 

561  59897  10  2 min 23 sec 40  20  X= 22.5 mm 
Y=10 mm 
Z=177.5 mm 
Φ= 74° 

561  59897  20  4 min 47 sec 40  20  X= 22.5 mm 
Y=10 mm 
Z=180 mm 
Φ= 74° 

923  98534  10  4 min 10 sec 40  23  X= 22.5 mm 
Y=12.5 mm 
Z=177.5 mm 
Φ= 74° 

923  98534  20  8 min 20 sec 40  23  X= 22.5 mm 
Y=15 mm 
Z=177.5 mm 
Φ= 74° 

561  59897  63  15 min  40  20  X= 22.5 mm 
Y=12.5 mm 
Z=182.5 mm 
Φ= 74° 

 
Substrate temperature during deposition: 125 K 
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Cu/HOPG 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

34  2165  40   10  min  31  
sec 

40  -10  X=  24  mm  
Y=15 mm 
Z=180 mm 
Φ= 74° 

55  3494  15  3 min 16 sec 40  -10  X= 24 mm 
Y=10 mm 
Z=177.5 mm 
Φ= 74° 

55  3494  30  7 min 24 sec 40  -10  X= 24 mm 
Y=12.5 mm 
Z=177.5 mm 
Φ= 74° 

58  3683  15  3 min 16 sec 40  -10  X= 24 mm 
Y=12.5 mm 
Z=180 mm 
Φ= 74° 

58  3683  30  6 min 34 sec 40  -10  X= 24 mm 
Y=10 mm 
Z=180 mm 
Φ= 74° 

71  4505  15  3 min 29 sec 40  -8  X= 24 mm 
Y=15 mm 
Z=182.5 mm 
Φ= 74° 

71  4505  30  6 min 59 sec 40  -8  X= 24 mm 
Y=10 mm 
Z=182.5 mm 
Φ= 74° 

92  5834  20  5 min 53 sec 40  -8  X= 24 mm 
Y=15 mm 
Z=177.5 mm 
Φ= 74° 

58  3683  70   15  min  55  
sec 

40  -10  X=  24  mm  
Y=12.5 mm 
Z=182.5 mm 
Φ= 74° 

 
Substrate temperature during deposition: 125 K 
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Cu/Ag(111) 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

147  9579  66  22 min  40  -6  X= 23.5 mm 
Y=11 mm 
Z=183.33 mm 
Φ= 74° 

923  60049  19   10  min  33  
sec 

40  12  X=  23.5  mm  
Y=11 mm 
Z=180.33 mm 
Φ= 74° 

923  60049  100   41  min  40  
sec 

40  14  X=  23.5  mm  
Y=13 mm 
Z=181.83 mm 
Φ= 74° 

 
Substrate temperature during deposition: 20 K 
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Ag/Au(111) 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

55  5892  9  1 min 17 sec 40  -8  X= 26.2 mm 
Y=9.7 mm 
Z=179.5 mm 
Φ= 74° 

80  8559  9  1 min 13 sec 40  -8  X= 26.2 mm 
Y=13.7 mm 
Z=179.5 mm 
Φ= 74° 

95  10160  9  1 min 19 sec 40  -8  X= 26.2 mm 
Y=11.7 mm 
Z=179.5 mm 
Φ= 74° 

147  15709  9  3 min 55 sec 40  -6  X= 26.2 mm 
Y=7.7 mm 
Z=189.5 mm 
Φ= 74° 

86  9200  9  4 min 46 sec 40  -2.5 
(1 eV 
per 
cluster) 

X= 26.2 mm 
Y=11.7 mm 
Z=181.5 mm 
Φ= 74° 

86  9200  9  1 min 5 sec  40  -20 
(15 eV 
per 
cluster) 

X= 26.2 mm 
Y=13.7 mm 
Z=181.5 mm 
Φ= 74° 

86  9200  9  1 min 3 sec  40  -40 
(34 eV 
per 
cluster) 

X= 26.2 mm 
Y=13.7 mm 
Z=183.5 mm 
Φ= 74° 

86  9200  9   1  min   40   -155  
(150 eV 
per 
cluster) 

X= 26.2 mm 
Y=11.7 mm 
Z=183.5 mm 
Φ= 74° 

86  9200  9   1  min   40   -345  
(340 eV 
per 
cluster) 

X= 26.2 mm 
Y=9.7 mm 
Z=189.5 mm 
Φ= 74° 

 
Substrate temperature during deposition: 77 K 
 
The deposition parameters for Ag86 deposited with 3 eV per cluster can be found in 
[80]. This deposition was preformed during my diploma thesis. 
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cluster mass 
[amu] 

coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

55  6016  9  2 min  40  -8  X= 23.5 mm 
Y=12 mm 
Z=182.5 mm 
Φ= 74° 

86  9391  9  2 min 54 sec 40  -8  X= 23.5 mm 
Y=10 mm 
Z=182.5 mm 
Φ= 74° 

147  16033  9  3 min 6 sec  40  -9  X= 23.5 mm 
Y=11 mm 
Z=181 mm 
Φ= 74° 

 
Substrate temperature during deposition: 11 K 
 
 

Cu/60 ML Xe/HOPG 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

55  3547  20   16  min  40  
sec 

40  -2  X=  23.5  mm  
Y=12 mm 
Z=179.46 mm 
Φ= 74° 

92  5921  20   12  min  30  
sec 

40  -2  X=  23.5  mm  
Y=14.5 mm 
Z=181.96 mm 
Φ= 74° 

147  9449  20   10  min  32  
sec 

40  0  X=  23.5  mm  
Y=9.5 mm 
Z=181.96 mm 
Φ= 74° 

309  19843  100   33  min  20  
sec 

40  0  X=  23.5  mm  
Y=12 mm 
Z=184.46 mm 
Φ= 74° 

 
Substrate temperature during deposition: 25 K 
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Cu/60 ML Xe/Cu(111) 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

147  9448  15   16  min  40  
sec 

40  -1  X=  23.5  mm  
Y=12 mm 
Z=179.96 mm 
Φ= 74° 

309  19848  15  10 min  40  1.5  X= 23.5 mm 
Y=12 mm 
Z=183.96 mm 
Φ= 74° 

923  59268  15  6 min 49 sec 40  10  X= 23.5 mm 
Y=10 mm 
Z=181.96 mm 
Φ= 74° 

923  59268  100   55  min  33  
sec 

40  10  X=  23.5  mm  
Y=14 mm 
Z=181.96 mm 
Φ= 74° 

 
Substrate temperature during deposition: 20 K 
 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

112  7253  20  20 min  40  0  X= 23.5 mm 
Y=10 mm 
Z=181.96 mm 
Φ= 74° 

147  9515  20   15  min  23  
sec 

40  -1  X=  23.5  mm  
Y=12 mm 
Z=183.46 mm 
Φ= 74° 

147  9515  40   30  min  46  
sec 

40  -1  X=  23.5  mm  
Y=12 mm 
Z=180.46 mm 
Φ= 74° 

309  19989  100   71  min  26  
sec + 
30 min at 0 
V bias 

40  2  X=  23.5  mm  
Y=14 mm 
Z=181.96 mm 
Φ= 74° 

 
Substrate temperature during deposition: 20 K 
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Cu/60 ML Xe/Au(111) 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

92  6050  20   10  min  32  
sec 

40  -5  X=  23.5  mm  
Y=10.5 mm 
Z=181.53 mm 
Φ= 74° 

112  7363  20  7 min 8 sec  40  -7  X= 23.5 mm 
Y=12 mm 
Z=180.03 mm 
Φ= 74° 

147  9660  20  6 min 40 sec 40  -6  X= 23.5 mm 
Y=12 mm 
Z=183.03 mm 
Φ= 74° 

923  59904  100   45  min  27  
sec 

40  12.5  X=  23.5  mm  
Y=13.5 mm 
Z=181.53 mm 
Φ= 74° 

 
Substrate temperature during deposition: 20 K 
 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

147  9466  40   66  min  40  
sec 

40  -7.5  X=  23.5  mm  
Y=10.5 mm 
Z=181.53 mm 
Φ= 74° 

309  19879  30   34  min  20  
sec 

40  0  X=  23.5  mm  
Y=12 mm 
Z=180.03 mm 
Φ= 74° 

309  19879  100   66  min  40  
sec 

40  -8  X=  23.5  mm  
Y=13.5 mm 
Z=181.53 mm 
Φ= 74° 

 
Substrate temperature during deposition: 20 K 
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cluster mass 
[amu] 

coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

112  7281  30  23 min 5 sec 40  -7  X= 23.5 mm 
Y=12 mm 
Z=183.03 mm 
Φ= 74° 

147  9553  30  30 min  40  -4  X= 23.5 mm 
Y=12.25 mm 
Z=181.28 mm 
Φ= 74° 

309  20067  20   28  min  34  
sec 

40  -1  X=  23.5  mm  
Y=10.5 mm 
Z=181.53 mm 
Φ= 74° 

309  20067  100 + 60  11 min 45 
sec + 7 min 
4 sec 

10  -10  X=  23.5  mm  
Y=13.5 mm 
Z=181.53 mm 
Φ= 74° 

 
Substrate temperature during deposition: 23 K 
 
 

Cu/10 ML Ar/60 ML Xe/Ag(111) 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

55  3528  10  9 min 5 sec  40  -3  X= 23.5 mm 
Y=9 mm 
Z=181.83 mm 
Φ= 74° 

92  5893  10  7 min 42 sec 40  -2.5  X= 23.5 mm 
Y=11 mm 
Z=183.33 mm 
Φ= 74° 

147  9409  10  7 min 9 sec  40  -2  X= 23.5 mm 
Y=11 mm 
Z=180.33 mm 
Φ= 74° 

309  19763  100   62  min  30  
sec 

40  -1  X=  23.5  mm  
Y=13 mm 
Z=181.83 mm 
Φ= 74° 

 
Substrate temperature during deposition: 11 K 
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Ag /60 ML Xe/Ag(111) 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

55  6066  20   14  min  17  
sec 

40  -12  X=  23.5  mm  
Y=12 mm 
Z=180.33 mm 
Φ= 74° 

147  16180  20   10  min  32  
sec 

40  -12  X=  23.5  mm  
Y=10 mm 
Z=181.83 mm 
Φ= 74° 

309  33989  20   10  min  32  
sec 

40  -8  X=  23.5  mm  
Y=12 mm 
Z=183.33 mm 
Φ= 74° 

309  33989  100   45  min  27  
sec 

40  -10  X=  23.5  mm  
Y=14 mm 
Z=181.83 mm 
Φ= 74° 

 
Substrate temperature during deposition: 17 K 
 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

55  6035  10  2 min  40  -3  X= 23.5 mm 
Y=9 mm 
Z=181.83 mm 
Φ= 74° 

92  10080  10  2 min 24 sec 40  -2  X= 23.5 mm 
Y=11 mm 
Z=183.33 mm 
Φ= 74° 

147  16093  10  3 min 42 sec 40  0  X= 23.5 mm 
Y=11 mm 
Z=180.33 mm 
Φ= 74° 

309  33805  100   23  min  16  
sec 

40  0  X=  23.5  mm  
Y=13 mm 
Z=181.83 mm 
Φ= 74° 

 
Substrate temperature during deposition: 15 K 
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TEM 
 
Ag/2 nm C 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

923  100003  20   16  min  40  
sec 

40  7  X=  23  mm  
Y=15.84 mm 
Z=175.36mm 
Φ= 74° 

1100  119174  20   22  min  13  
sec 

40  8  X=  23  mm  
Y=11.69 mm 
Z=175.76 mm 
Φ= 74° 

1200  130004  20   28  min  34  
sec 

40  10  X=  23  mm  
Y=7.60 mm 
Z=175.95 mm 
Φ= 74° 

 
Substrate temperature during deposition: room temperature 
 
 
Ag/5 nm Si 
 
cluster mass 

[amu] 
coverage 
[pAmin] 

deposition 
time  

W  bias [V]  position of the 
manipulator 

923  100003  20   12  min  30  
sec 

40  7  X=  23  mm  
Y=15.84 mm 
Z=175.36mm 
Φ= 74° 

1200  130004  20   22  min  13  
sec 

40  10  X=  23  mm  
Y=11.69 mm 
Z=175.76 mm 
Φ= 74° 

2493  270004  20   28  min  34  
sec 

40  6  X=  23  mm  
Y=7.60 mm 
Z=175.95 mm 
Φ= 74° 

 
Substrate temperature during deposition: room temperature 
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