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AABBSSTTRRAACCTT  
 

ithin this thesis, we present a project regarding  metallic clusters on surfaces. 

We use scanning tunneling microscopy to investigate their geometric struc-

ture and scanning tunneling spectroscopy and ultraviolet photoelectron spectroscopy to 

study their electronic properties. A new cluster deposition machine built within a priority 

program of the German Research Foundation (DFG) 0

1 allows the investigation of size-

selected clusters on surfaces. 

In a first set of experiments, we produced clusters by metal island growth on rare-gas 

multi-layers and investigated several combinations of different cluster materials on vari-

ous rare gases on miscellaneous substrates. On a rare gas film of 60-monolayer thickness, 

the clusters are electronically decoupled from the substrate. This leads to a change of the 

reference energy, which is no longer the FERMI energy but the vacuum energy of the 

substrate. In this sense, we use the term free clusters on substrate.  

In a second part, after the successful setup and initial operation of the cluster deposition 

machine, we use a magnetron sputter gas aggregation cluster source1F1F

2 and a semi-

continuous time-of-flight mass selector2F2F

3 to deposit mass-selected silver clusters (number 

of atoms n = 40, 55, 80,…, 923, and 2130)  onto different substrates. 

In particular, mass-selected silver clusters with closed icosahedral shells deposited on a 

gold surface functionalized with a C60 monolayer show very interesting results. Despite of 

using five different silver cluster sizes between 55 and 923 atoms, we observed for all 

samples clusters with almost the same average cluster height of 1.7 nm. In addition, for 

Ag561 and Ag923 clusters we observed also larger clusters that roughly agree with the 

expected cluster sizes. Our present hypothesis is that the clusters deposited at room tem-

perature, exhibit rather a metastable than an equilibrium shape. 

                                                   
 
1 DFG priority program SPP 1153: Clusters in Contact with Surfaces – Electronic Structure and Magnetism, website: 

http://www.ieap.uni-kiel.de/surface/ag-berndt/spp/index.html. 
2 H. HABERLAND, M. MALL, M. MOSELER, Y. QIANG, Th. REINERS, and Y. THURNER: Filling of micron-sized contact 

holes with copper by energetic cluster impact, J. Vac. Sci. Technol. A 12, 2925 (1994). 
3 B. v. ISSENDORFF and R. E. PALMER: A new high transmission infinite range mass selector for cluster and nanopar-

ticle beams, Review of Scientific Instruments 70, 4497 (1999). 
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TiO2 …...……………………………………………………Titanium Dioxide 
tm ...…………………...…………………...…………………Movable tube 
TPC ………………………………………..Turbo pump in the cryo chamber 
390H390HTPM ……………..……………..Turbo Pump in the Mass Selector Chamber 
TPS ……………………………………..Turbo pump in the source chamber 
TSTI ……..…………Temperature of the first (outer) stage of the cool head 
TSTII …..…………Temperature of the second (inner) stage of the cool head 
391H391HUHV ……………………………………………………...Ultra High Vacuum 
392H392HUPS …….……………………………….Ultraviolet Photoelectron Spectroscopy 
Utm ……………………………High voltage connector of the movable tube 
VCP …………………………...Connection valve between cluster depostion 
Vf …………………………………………………………..Floating voltage 
393H393HXe(100) ……………………………………………(100)-oriented Xenon crystal 
y+/y- ………………………………………………………….y-deflector plate 
394H394HZnO …..……………………………………………………………Zinc Oxide 
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IINNTTRROODDUUCCTTIIOONN  

 

TThhee  MMiillkkyy  WWaayy  iiss  nnootthhiinngg  eellssee  bbuutt  aa  mmaassss  ooff  iinnnnuummeerraabbllee  

ssttaarrss  ppllaanntteedd  ttooggeetthheerr  iinn  cclluusstteerrss..  

 

GALILEO GALILEI (1564 – 1642) 

 

n this quotation the famous Italian physicist GALILEO GALILEI summarizes his 

observation that our galaxy is nothing else than stars accumulated in clusters.  

In contrast to large scaled objects such as the universe, with its unimaginable number of 

1022 stars, small objects consist of an unimaginable number of atoms. For example, one 

could fill the volume of a large raindrop with approximately 1022 silver atoms. In such 

dimensions, the accumulations of a few up to ten thousand atoms are also named clusters.  

I 
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The continuous progress in nano-science raises new challenges. For example, the constant 

increase of memory requirements leads to structures of extremely small sizes. Today, 

common computers use 100-nanometer-sized structures in their central processing unit 

(CPU). In regions of that scale, we reach the limit of the bulk material properties ap-

proach. Since the size of devices getting smaller and smaller, it is becoming more and 

more important to understand the physics of clusters. The study of properties of small 

metal particles is of fundamental importance due to their applications in catalysis and 

surface nano-structuring [0F0F1, 1F1F2, and 2F2F3]. 

Therefore, we have to build new and innovative concepts on a scientific and technological 

basis using the bottom-up approach. We have to build structures from atoms (bottom-up), 

instead shrinking the macroscopic elements (top-down approach). This will become 

possible with clusters. One can characterize these objects by quantum effects, which are 

interesting and promising as well. 

Several experiments for clusters in a free beam show, that free clusters behave drastically 

different compared to solids [3F3F4]. In contrast to the well-understood and already well-

investigated case of free clusters, there is only rudimentary knowledge of clusters on 

solid-state surfaces. The geometric, magnetic, and chemical properties of clusters on 

surfaces are particularily interesting to study. Depending on the combination of substrate 

and cluster material, their properties differ in some cases only slightly and in other cases 

extremely compared to their corresponding free properties. 

For this reason, the German Research Foundation (Deutsche Forschungsgemeinschaft - 

DFG) supports the activities in surface science and cluster physics, and combines both 

within the DFG priority program SPP 1153: Clusters in Contact with Surfaces – Elec-

tronic Structure and Magnetism [4F4F5]. 

In the next section, we briefly introduce the general aims and topics of the SPP 1153 and 

describe our collaboration with V. ISSENDORFF et al. in the context of this priority pro-

gram. 
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11..11  PPrriioorriittyy  PPrrooggrraamm  

The DFG priority program SPP 1153 deals with the most important questions concerning 

the electronic structure, charge transfer processes, and magnetism of clusters. The aim is 

to answer these questions from different point of views. Therefore, the SPP 1153 is inter-

ested in the manipulation of single atoms, the specific nature of the resulting nano-particle 

and the dependency of electronic and magnetic effects on the exact number and position 

of the atoms. These aspects are not only interesting from the scientific point of view, but 

also promising regarding technological applications. One long-term aim is to produce new 

materials, using the specific geometric structures and the resulting electronic properties of 

clusters. 

Before thinking of a concrete application, we have to bring the clusters onto a surface. In 

this case, the coupling to the surface and the environment will definitely change the prop-

erties of theses clusters. The new system - consisting of cluster, substrate, and the envi-

ronment - represents a new element of the nanometer-size scale and will be used in the 

future for several interesting applications. 

The SPP 1153 is an interdisciplinary priority program, in which the combination of theo-

retical and experimental investigations of clusters on surfaces, as well as collaborations 

between several theoretical and experimental groups leads to interesting new results. 

 

11..22  SSttaattee  ooff  tthhee  AArrtt  

The following state of the art examples depict today’s status of this kind of research. 

FURCHE et al. investigate the structure determination of gas phase clusters determining the 

structure of gold clusters via ion mobility measurements [5F5F6]. KIRILYUK et al. investigate 

the structure of niobium clusters via the measurement of infrared absorption spectra [6F6F7]. 

Moreover, BONZEL et al. describe the structure of larger particles on surfaces within a 
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recent review article. He studies the direction and temperature dependent surface energy 

of μm -sized faceted crystallites [7F7F8]. It is interesting to compare the behavior in these 

rather bulk-like sizes with our results. 

Our collaborators V. ISSENDORFF et al. study among other systems noble metal clusters. 

The results (see 395H395Hfigure 1.1) clearly demonstrate that copper (Cu) and silver (Ag) clusters 

exhibit strongly perturbed electron shell structures (see 396H396H2.4.2, pp 397H397H62), except Cu55
- and 

Ag55
- (nomenclature of clusters explained in 398H398Hchapter 2, p. 399H399H29), which have a highly discre-

tized DOS due to their icosahedral symmetry. These clusters therefore are ideal candi-

dates to study possible changes of the electronic DOS of clusters close to a surface. Gold 

clusters behave completely different and exhibit a tendency to amorphous structures [8F8F9].  

A similar determination of the geometric structure of sodium clusters recently solved the 

old problem of the origin of the strong size dependence of the melting properties of so-

dium clusters [9F9F10]. 

Moreover, V. ISSENDORFF et al. investigated large Aluminum clusters with photoelectron 

spectroscopy and observed so-called COULOMB Staircases (see 400H400Hfigure 1.2) [10F10F11]. The steps 

appear due to multiple ionizations. The negatively charged cluster absorbs a photon and 

emits an electron. The resulting neutral cluster is able to absorb again a photon and emit 

another electron, etc. Due to this process, the positively charged cluster attracts the emit-

ted electron. The attraction results in a shift of the kinetic energy of the emitted electron 

and, consequently, in a shift of the cluster FERMI edge. The FERMI edge shift comes from 

the COULOMB interaction between positively charged cluster and emitted electron. The 

shift of the FERMI edge for each additional charge amounts to 2e R  (see 401H401Hfigure 1.2).  

Therefore, the ionization potential increases with increasing positive charge. With this, 

one is able to measure the capacity of a cluster or nano-particle. 
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Figure 1.1 Photoelectron spectra of noble metal cluster anions, measured at a photon energy of 

6.42 eV (based on figure 1 from ref. [402H402H9]). 

The clusters exhibit a strongly perturbed electron shell structure. For all three systems at size 58 the 

expected onset of the 2d-shell is visible; nevertheless the overall DOS is more complex than a simple 

shell structure. Only the icosahedral clusters Ag55
- and Cu55

- exhibit highly degenerate states due to their 

symmetry. Gold shows a different behavior; it seems to prefer geometries of low symmetry [2]. 
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Figure 1.2 COULOMB staircase in the UV (hν = 6.42 eV) photo emission spectra of free size-

selected cold aluminum cluster anions with up to 32000 atoms (taken from ref. [403H403H11]). 

11..33  OOvveerrvviieeww  

The aim of this work is to compare the results of free clusters in vacuum with the same 

clusters on surfaces. Therefore, we start in 404H404Hchapter 2 (pp 405H405H29) with a general introduction in 

metallic clusters and particles. Within this chapter, we introduce bonding types of clus-

ters, the experimental techniques we use to investigate them, and discuss clusters grown 

by metal island evaporation and size-selected clusters produced in cluster sources. 

After that, we present the experimental setup of the new cluster deposition machine in 

406H406Hchapter 3 (pp 407H407H75), which we setup within the scope of this work in cooperation with C. 

YIN and B. V. ISSENDORFF and describe the existing Surface Science Facility. 
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Then, we introduce our sample systems and preparation methods in 408H408Hchapter 4 (pp 409H409H111) 

and prepare different buffer layers and functionalized surfaces on different substrates for 

the growth or deposition of metal clusters. 

Finally, we present and discuss our experimental results in 410H410Hchapter 5 (pp 411H411H131). We per-

form photoemission studies of large grown and deposited size-selected metal clusters on 

rare gas layers, as well as scanning tunneling spectroscopy investigations of small size-

selected silver clusters and conclude with a summary and an outlook. 
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CCLLUUSSTTEERRSS  AANNDD  PPAARRTTIICCLLEESS  

everal researchers intensively investigated metal clusters and small metallic 

particles [11F11F12] during the past two decades [12F12F13,13F13F14] in the field of cluster physics. 

Cluster physics deals with the interesting area between atomic and solid-state physics. 

While on the atomic scale the single atom has quantized electronic states, an electronic 

band structure determines the properties of the bulk material. Cluster physics, which is 

our field of research, investigates the not necessarily smooth transition from atoms and 

molecules to large clusters and bulk-like metal islands. 

One way to gategorize clusters is by size (see 412H412Htable 2.1). The field of cluster physics uses 

the common Xn notation for cluster characterization where X denotes the chemical sym-

bol and n the number of atoms. This even holds for X1, X2, or X3 clusters, that molecule 

physicists mostly call single atom, dimer, and trimer. In the same way, we will refer to 

very large clusters with, e.g., 3000 atoms as X3000 instead of micro crystal. However, 

more important than the nomenclature of clusters are their properties, which depend on 

their size. While large clusters show an almost bulk-like behavior, small clusters appear 

more molecular-like. They are extremely sensitive to a change of their size, because every 

S 
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atom counts [413H9414H9415H9]. There exist so-called magic cluster sizes, which we briefly introduce in 

section 413H416H2.4.2.2. Moreover, we present an introduction dealing with larger particles in 

section 414H417H2.3 and motivate our experiments in section 415H418H2.4.2 by summarizing some results of 

clusters investigated in a free beam, while section 416H419H2.4.3 focuses on our main field of 

research: clusters on surfaces. 

 

 

 

 

 

 

Table 2.1 Nomenclature of clusters. 

22..11  BBoonnddiinngg  TTyyppeess  

The bonding type between atoms and molecules determines fundamentally the geometry 

of clusters. In this section, we introduce the four important bonding types for clusters. In 

principle, we can divide the bonding types, which hold together two or more atoms within 

a molecule, into the covalent and the ionic bonding. Some other bonding types, like di-

pole-dipole-interaction (VAN-DER-WAALS-Bond) or the metallic bond are important for 

solid-state bodies and liquids. However, the chemical bond – regardless of the type – has 

always the same cause: The lowering of the energy of the stable, bonded molecule com-

pared to the total energy of its far away atomic components. This energy benefit, results in 

an attractive force between the atoms, once their distance exceeds a specific equilibrium 

value. The mechanism of the bonding depends on the one hand on the electrostatic inter-

action between atoms or ions of the system, and on the other hand on the wave properties 

of the electrons and the property of the PAULI Exclusion Principle. 

micro clusters 3 to 13 atoms 

small clusters 14 to 100 atoms 

large clusters 100 to 1000 atoms 

micro crystallites more than 1000 atoms 
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In our experiments, we mainly use metallic clusters. On the atomic scale, we can describe 

metals by means of the metallic bond. 

22..11..11  MMeettaalllliicc  BBoonndd  

For metals, in general – clusters and solid-state samples – the metallic bond involves the 

delocalized sharing of free electrons among a lattice of metal atoms. In metals, one or two 

valence electrons of each atom can move freely inside the crystal and every atom shares 

these electrons. Therewith, one can imagine this kind of crystal as a lattice of fixed or-

dered positive ions embedded into a Sea of Electrons or electron gas (see 417H420Hfigure 2.3). The 

attractive force between the positively charged lattice and the negatively charged electron 

gas leads to the metallic bond. 

 

 

Figure 2.3 Schematic illustration of the metallic bond. 

The electrons are delocalized and form a Sea of Electrons. 
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Li+ 
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To understand the metallic bond, we discuss in the following as an example solid Lithium 

(Li). The electron configuration of the Li atom is 1s22s. The radial wave function of the 

2s-electron is 

Equation 2.1 
02

20 20
0

2 −⎛ ⎞
= −⎜ ⎟

⎝ ⎠
r arC e

a
ψ  

20C - normalization constant , a0 – BOHR radius 

 

418H421HFigure 2.4 (a) depicts the probability density of a wave function for a single Li atom at 

r = 0 in one dimension showing an exponential decay versus zero in case of r → ± ∞ . 

419H422HFigure 2.4 (b) shows the probability density of an electron in the metal, which is identical 

in the environment of each Li nucleaus. The maxima of the probability density are located 

closer to the positive Li nuclei than in case of single atoms. Therefore, the potential en-

ergy of the electrons is lower. The lattice order of the atoms restricts the electrons to the 

area of ± 0.3 nm around the core, in contrast to a free atom, where the available volume is 

larger. The uncertainty principle postulates an increase of the momentum and the kinetic 

energy of the electron. The metallic bond is stable, because the decrease of the potential 

energy overcompensates the increase in the kinetic energy. This results in a minimization 

of the system’s  total energy. The effect is greatest for large size differences between the 

atom and the nucleus (large decrease of the potential energy) and small numbers of va-

lence electrons (increase of the kinetic energy as small as possible). These conditions are 

the more fulfilled, the more one moves within the periodic table of elements to the left 

[15F14F15]. 
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Figure 2.4 Probability density of (a) the 2s electron in an isolated Li-Atom, and (b) of the 2s-

electrons in a one-dimensional Li crystal (taken from [ 420H423H15]). 

2.1.1.1 Jellium-Model  

An extended model for the description of the electronic structure of clusters is the so-

called Jellium-Model3F3F

4 [16F15F16, 17F16F17]. While the model of metallic bonds describes discrete 

atomic nuclei, the Jellium-Model assumes the existence of a uniform background of 

positive charges. A good illustration of the COULOMB interaction between electrons and 

cores is the picture of a smeared out jelly-like background. In this model, the system 

properties (at zero temperature) depend only on the density of electrons. The mass spec-

trum of sodium clusters was the first experimental indication of the validity of the Jel-

lium-Model for clusters (see 421H424H2.4.2.2, p. 422H425H66). 

                                                   
 
4 The name of the Jellium-Model derives from jelly. 
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22..11..22  CCoovvaalleenntt  BBoonndd  

The covalent bonding is a quantum mechanical phenomenon. It results from the distribu-

tion of one or more electrons to at least two equal or similar atoms. Hereby, the symmetry 

of the molecular wave function (molecular orbital), which is formed by the superposition 

of the single atom orbitals, thus electrons, determines whether the interaction results in a 

bonding. The wave function of the symmetric state SΨ  exhibits large values in the region 

between the nuclei, the potential energy becomes minimal, and a bonding takes place. The 

anti-symmetric wave function AΨ  reaches only a small value in this region. The chemical 

bonding between different atoms is described frequently as mixture of a covalent and a 

ionic bond (see 423H426H2.1.4) [424H427H15]. 

Materials using the covalent bonding do not have the tendency to build most closely 

packed geometries, because the atoms preferentially bind each other using specific angles. 

A typical example is Carbon (C), which has up to four binding partners. Commonly found 

preferred angles are 180°, 120° (planar), or 109.5° (tetrahedral). V. HELDEN et al. ob-

served for Carbon clusters (Cn) several structures: simple ring structures for Cn clusters 

with n ≥ 7, multiple ring structures (n ≥ 22), and spherically shaped fullerenes [18F17F18]. 

22..11..33  VVAANN  DDEERR  WWAAAALLSS--BBoonndd  

Rare gases are atoms with a closed outer shell. Therefore, no bonding using a metallic or 

covalent bond is possible. The one and only process by which noble gases attract each 

other is the VAN DER WAALS bonding, also known as London Force, Instantaneous Di-

pole Effect, or Induced Dipole Interaction. This bonding type is an intermolecular force or 

interatomic force that causes an attraction between temporarily induced dipoles in nonpo-

lar molecules and atoms. The dipole of the atom in ground state is temporarily distinct 

from zero due to fluctuations and the quantum mechanical uncertainty. This dipole mo-

ment also induces a dipole moment in a neighbor atom, so that they attract each other due 

to the dipole-dipole interaction leading to the VAN DER WAALS bonding. For this reason, 
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the attractive potential is proportional to 61 r (r – distance between the atoms) and conse-

quently the bonding is isotropic, resulting in atoms which are as closely packed as possi-

ble. They prefer structures with the maximal number of next neighbors. 

 

 

Figure 2.5 Schematic illustration of the VAN-DER-WAALS bond. 

(Top) at the time atom (a) approaches atom (b) only the atom (a) has an asymmetric charge distribution. 

δ+ attracts δ-. (Bottom) Atom (a) induces a shift of the charge in that way that the positive polarized part 

of the atom attracts again the negative part. The larger the surface of the atom the large is the distance 

between the outer electrons and the nucleus and the higher the probability of polarization. For this reason, 

the VAN DER WAALS forces increase with increasing atomic mass. 

22..11..44  IIoonniicc--BBoonndd  

Another bonding type is the Ionic bond. This type of a chemical bond is based on electro-

static forces between two ions with opposing charges. Due to a low electronegativity a 

metal donates an electron in ionic bond formation, to form a positive ion or cation. In 

ordinary household salt, e.g., ionic bonds exist between the sodium and chlorine ions. In 

  

(a) (b)

 

(a) (b) 

 

δ- δ+ 

δ- δ+ δ- δ+
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case of small distances, the PAULI Exclusion Principle counters the approach and a mini-

mum in the potential curve U(r) arises [425H428H15]. 

22..22  EExxppeerriimmeennttaall  TTeecchhnniiqquueess  

The experimental techniques we use within this work are Scanning Tunneling Micros-

copy (STM), Scanning Tunneling Spectroscopy (STS), and Ultraviolet Photoelectron 

Spectroscopy (UPS) [19F18F19]. Other authors describe the basic principles and theoretical 

bases of STM, STS, and UPS in more detail in many educational books [426H429H15, 20F19F20] and 

articles [21F20F21] of the recent past. Therefore, the following sections simply consist of a short 

overview and a summary of the relevant aspects. 

22..22..11  SSccaannnniinngg  TTuunnnneelliinngg  MMiiccrroossccooppyy    

The STM represents a powerful method to investigate the geometric and electronic struc-

ture of solid-state surfaces. With an STM, a topographic imaging in real space of conduct-

ing and semi-conducting materials becomes possible. G. BINNIG and H. ROHRER [22F21F22, 23F22F23, 

and 24F23F24] invented in 1982 the first apparatus using the principle of STM and, later on in 

1986, got the NOBEL prize together with E. RUSKA. Today the STM is one of the most 

important tools for surface analysis of metals or semiconductors down to atomic resolu-

tion. 

2.2.1.1 Tunneling Effect  

The quantum mechanical tunneling effect represents the basic principle of an STM. 

G. GAMOW [25F24F25] and independently at the same time, E. U. D. CONDON and R. W. 

GURNEY [26F25F26, 27F26F27] developed the idea of this effect in 1928. They explained the large 

fluctuation of the average lifetime of the α-decay of radioactive nuclei. 
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427H430HFigure 2.6 (top) schematically illustrates the tunneling effect.  
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Figure 2.6 Schematic diagram of the wave function at a potential barrier. 

(Top) Potential barrier with height V0: incoming particle beam from the left has to be reflected if the 

kinetic energy Ekin is lower than the height of the barrier V0. (Bottom) (A) The reflected and the incoming 

wave are superposed to the left of the potential well. (B) Inside of the potential well ( )0 0E V< , the wave 

function decays exponentially. (C) To the right of the potential well the wave function is an outgoing 

planar wave with small amplitude. (based on figure 1 from ref. [28F27F28]). 

 

Within classical physics, a potential barrier reflects particles of a particle beam after a 

collision, if their kinetic energy Ekin is lower than the height of the barrier V0. Within the 

scope of quantum mechanics, particles with a kinetic energy Ekin < V0, have a non-zero 

probability to penetrate into, i.e., to tunnel through, the barrier V0. The tunneling process 

originates in the uncertainty principle. For the localization of the wave function at the 

classical inflection point, the wave function contains - because of the uncertainty princi-
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ple between position and momentum - components of the momentum, which correspond 

to energies above the potential barrier. There also exists an uncertainty between energy 

and time. This uncertainty of energy EΔ  allows energies above the potential barrier for 

the particles in a time tΔ . The transmission coefficient is a measure of the tunneling 

effect. Its definition is the ratio of the amplitudes of outgoing to incoming particle beam. 

Amplitude in this context means the absolute value of the squared wave functions.  

In the one-dimensional case, one has to solve the SCHRÖDINGER equation of the matter 

wave of the particle, whereas one has to continue the wave function at the interfaces. In 

case of the steady state, the reflected and the incoming wave exhibits a superposition on 

the left side of the potential well. Inside of the potential well ( )0 0E V< , the wave func-

tion decays exponentially (see 428H431Hfigure 2.6, area B), and on the right side it is an outgoing 

planar wave with only small amplitude (see 429H432Hfigure 2.6, area C). In the case of a rectangu-

lar potential well, the transmission coefficient decreases fast with increasing width and 

decreasing energy [29F28F29].  

2.2.1.2 Principle of  Scanning Tunneling Microscopy  

We illustrate the basic principle of the Scanning Tunneling Microscope in 430H433Hfigure 2.8. It is 

important to operate the STM commonly under UHV conditions in order to keep the 

surface free from impurities. We use an extremely sharp metallic tip (tunneling tip) to 

probe a conducting or semi-conducting surface. We approach the tunneling tip to the 

surface down to less than one nanometer distance between tip and surface. A tunneling 

voltage between tip and substrate results in a tunneling current due to the quantum me-

chanical tunneling effect (see 431H434H2.2.1.1). In this process, the finite distance between tip and 

substrate represents a potential barrier (see 432H435Hfigure 2.7) for electrons, where tunneling 

through this barrier becomes possible. Depending on the polarity of the tip-sample bias, 

the tunneling electrons flow from the occupied states of the tip into the unoccupied states 

of the surface states and vice versa (see 433H436Hfigure 2.10). To obtain a direct image of the sam-

ple surface, one moves the tunneling tip over the sample in a very close distance to the 
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surface by piezo electric crystals. While scanning a sample area of a few square nanome-

ters up to some square micrometers, one records the tunneling current, and uses it as 

measurement signal for the generation of an STM image. In principle, one obtains a 

microscopic image directly by measuring the local variation of the tunneling current, 

while the distance between tip and surface remains constant (constant height modus). In 

the majority of cases, one uses a control unit in order to keep the tunneling current con-

stant (constant current modus) by varying the distance between tip and sample surface. In 

such a case, the STM images contain the local z-position of the tunneling tip. Therefore, 

the STM allows the imaging of surfaces with atomic resolution. 

Nevertheless, the STM image never shows the exact morphology of a sample. The STM 

image is always a convoluted image of the scanned object and the shape of the tip. 434H437HFigure 

2.8 schematically illustrates this broadening effect due to the convolution with the tip for 

different objects. At the bottom, we depict different tip positions during a line scan. In the 

top part of the picture, the bold line gives the trajectory of the tip scanning the objects. 

One can see that the height measurement of an object is exact, in contrast to the measure-

ment of the width, because the tip shape broads the scanned object. Due to the last atom at 

the outer end of the micro-tip it is possible to resolve a single atom (a), some surface 

atoms (b), and a step edge (d). Larger objects (c), e.g., a cluster, give a broad line profile, 

in which only the cluster height is real. To determine the lateral diameter of a cluster, we 

used transmission electron microscopy (TEM). For small silver and gold clusters, we 

estimated a diameter to height ratio of d / h ≈ 1.4 [30F29F30, 31F30F31]. 
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Figure 2.7 Band theory model of a one dimensional potential well (quantum well).  

The work function Φ of the tip and the sample is equal (based on figure 4.2.4 from ref. [32F31F32]). 

 

One feasible way to describe the physical background of the STM images is to apply the 

TRANSFER HAMILTONIAN OPERATOR to the tunneling process according to BARDEEN [33F32F33]. 

This model assumes the wave functions of the surface states of  both electrodes (tunneling 

tip and sample surface) to overlap in order to carry out perturbation theory. Based on this, 

TERSOFF and HAMANN developed a simple theory of the STM [34F33F34, 35F34F35]. Since one does 

not know the real shape in general, one can approximate the tunneling tip to a spherical 

potential well with the radius R and could treat them like a metallic s-Orbital. We illus-

trate the tip geometry in 435H438Hfigure 2.9. The position vector 0r
JG

 defines the center of the tip. 

We name the smallest distance between tip and sample d . Assuming that the bias voltage 

U is low, the tunneling current is determined by 

Equation 2.2 ( ) ( )0 ,tip F sample FI U E r Eρ ρ∝
JG

 

( )tip FEρ − density of states of the tip, ( )0 ,sample Fr Eρ −
G

density of states of the sample surface at the center 

of the tip orbital, at the FERMI energy FE . 

 



2.2 EXPERIMENTAL TECHNIQUES― 2.2.1 SCANNING TUNNELING MICROSCOPY  ― 2.2.1.2 
PRINCIPLE OF  SCANNING TUNNELING MICROSCOPY 41 

 

 

 
Figure 2.8 (Bottom) Schematic illustration of sample imaging with STM. 

The height measurement of an object is exact, in contrast to the measurement of its width, which is 

broadened by the tip shape. (Top) Line profile of different objects. Line profile of (a) a single atom, (b) 

surface atoms, (c) a larger object, e.g., a cluster, and (d) a step edge. 
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Figure 2.9 Schematic illustration of the tunneling geometry in the theory of TERSOFF and HAMANN.  

The tunneling tip has been approximated by a spherical potential well with the radius R [436H439H34, 437H440H35]. (Figure 

taken from ref. [ 36F35F36]). 

 



   42  CHAPTER 2  C LUSTERS AND PARTICLES 

 

Therefore, at low voltages, the STM images the electronic density of states (DOS) at the 

surface of the sample close to the FERMI energy. This means, that the STM images do not 

directly show atoms of the sample surface, but their electronic states bound to the surface 

atoms. Accordingly, in the case of a constant tunneling current STM images show sur-

faces of constant DOS at the FERMI Level [438H441H34, 439H442H35]. The DOS of the tunneling tip, as well 

as the one of the sample surface influences the STM measurement.  

In a first approximation, the DOS of the surface states decays exponentially in the vacuum 

with the effective inverse decay length κeff: 

Equation 2.3 ( ) ( )0 exp 2⎡ ⎤= = −⎣ ⎦sample sample effd d dρ ρ κ  

distance to the surfaced −  

From 440H443Hequation 2.2 and 441H444Hequation 2.3 it follows, that the tunneling current also decays 

exponentially with increasing distance z between sample and tip: 

Equation 2.4 exp 2⎡ ⎤∝= −⎣ ⎦effI zκ  

 

In which the effective inverse decay-length effκ is 

Equation 2.5 
2

2

2
= + &

JK
=

e
eff

m B kκ  

me: electron mass, &

JK
k : parallel wave vector of the tunneling electrons, B: barrier height 

The height of the barrier B is approximately a function of the applied voltage U and the 

work functions sampleφ  and tipφ  of the sample and the tip, respectively: 

Equation 2.6 
2 2

tip sample eU
B

φ φ+
= −

 

 

The probability of the tunneling process reduces exponentially with decreasing geometric 

distance. In addition, one has to take the energy difference to the barrier into account. The 
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exponential current–voltage dependence determines the accuracy of the measurement 

because a small change of the distance results in a huge change of the tunneling current. 

The description of the tunneling current according to 442H445Hequation 2.2 is restricted to low 

voltages. Since for the investigation of semi conductors in particular, one requires volt-

ages in the order of 2 V – 3 V because of the existing band gap, one has to modify the 

theory. Hence, it follows: 

Equation 2.7 ( ) ( ) ( ),F

F

E eU

tip sampleE
I E E eU T E U dEρ ρ

+
∝ +∫  

( ),T E U − Transmission coefficient, dependent on the energy of the electrons and the applied voltage. 

Thus, the tunneling current additionally consists of the product of the DOS of the tip and 

the sample for all different energies involved in the tunneling process. According to this, 

an image taken at, e.g., -2 V, at the sample shows all occupied states with energies from 

the FERMI energy up to 2 eV below the FERMI energy. If a band gap exists, e.g., for semi 

conductors, only the existing occupied states are imaged. Tunneling with a positive volt-

age leads to the imaging of unoccupied surface states in an energy interval defined by the 

tunneling voltage. Among the local distribution of the DOS, their energy dependence is of 

interest, which one can deduce from 443H446Hequation 2.7 by using the current-voltage curve. 

Therefore, the information about the transmission coefficient from 444H447Hequation 2.7 is neces-

sary, which is a big obstacle for the practical processing, even with the use of approxima-

tions [37F36F37]. Therefore, one prefers an experimentally more feasible way, where one can 

approximate the DOS in the following way: 

Equation 2.8 ( )sample
dI IeU
dU U

ρ ≈                             (see [38F37F38, 39F38F39]) 

 

 

 

The LDOS between the sample FERMI energy EF and the shifted FERMI level ΦS of the tip 

determines the tunneling current I. For higher electron energies, the tunneling probability 
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through the potential barrier increases. Therewith, it is possible to determine the DOS 

experimentally dependent on the energy in relation to the FERMI level, with simultaneously 

high local resolution [445H448H29]. 

2.2.1.3 Scanning Tunneling Spectroscopy 

We use the STM not only for the investigation of the local geometric structure as we 

describe above, but we also operate the STM for the investigation of the local electronic 

structure of the sample surface in spectroscopy mode. The lateral position of the tip re-

mains constant, while the tunneling current Itunneling is measured dependent on the gap 

voltage Utunneling. 446H449HFigure 2.10 depicts the electronic states involved in the tunneling proc-

ess. One can access the unoccupied LDOS by positive voltages (a) while one can measure 

the occupied states using negative sample bias (b). Assuming a constant tip DOS and low 

voltages the differential conductivity dI dV  is directly proportional to the local density 

of states (LDOS) of the sample surface [447H450H35]. The set point (I, V) determines the signal 

amplitude before starting the spectroscopy procedure,according to the condition  

Equation 2.9 
i

i
0

⎛ ⎞= ⎜ ⎟
⎝ ⎠∫

V

V

dII dV
dV

 

 

The signal-to-noise ratio increases for low voltages and high currents, which on the other 

hand leads to more instable tunneling conditions, particularly for clusters.  
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Figure 2.10 Schematic diagram of the involved states of the tunneling process of tip and sample 

depending on the polarity of the external bias voltage. 

(a) Positive sample bias  Investigation of the unoccupied states (b) negative sample bias  Investigation 

of the occupied states. The shape of the potential between tip and surface depends on the respective work 

functions Φt and ΦS.  

 

If we repeat the spectroscopy for several lateral tip locations we can display the resulting data 

either as a set of voltage dependent dI / dV curves, or as so-called dI / dV maps. Usually one 

represents the dI / dV maps in a gray scale image, in which one depicts the dI / dV values for 

all locations at a particular voltage. As an improved technique for the performance of scan-

ning tunneling spectroscopy (STS), we use a lock-in detection method. In this process, we use 

a lock-in detection instead of the numerical differentiation of the I(V) curves in order to 

improve the signal-to-noise ratio [448H451H36]. For further details about the lock-in detection and a 

more quantitative description of STS, see ref. [40F39F40]. 

This combination of high energetic and spatial resolution turns STS into a powerful spectro-

scopic method.  
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22..22..22  UUllttrraavviioolleett  PPhhoottooeelleeccttrroonn  SSppeeccttrroossccooppyy  

In several experiments we use UPS as a surface sensitive analysis method to investigate 

the occupied states of a sample based on the photoelectric effect. The photoelectric effect 

was first observed in 1887 by H. HERTZ [41F40F41] and in 1888 by W. HALLWACHS [42F41F42]. P. 

LENARD proved that the charged particles leaving a metal are electrons. He found that the 

kinetic energy of the released electrons was independent of the intensity and depended 

only of the wavelength of the light [43F42F43]. This behavior is in disagreement with the classi-

cal theory of waves of electromagnetic radiation. In 1905 A. EINSTEIN [44F43F44] succeeded in 

explaining the photoelectric effect based on the idea of the quantization of light (photons).  

S. HÜFNER presents a good introduction into the topic of photoelectron spectroscopy in 

ref. [45F44F45] and describes in detail the development of photoemission spectroscopy from the 

early days to recent publication together with F. REINERT in ref. [46F45F46]. 

The basic principle of UPS shows 449H452Hfigure 2.11 (top left): The sample is irradiated with 

light, which in case of sufficient photon intensity releases electrons from the sample. In 

our Surface Science Facility we describe in section450H453H3.1 (pp 451H454H75), we use ultraviolet light of 

a differentially pumped helium gas discharge lamp with the energy hν= 21.22 eV  (He I 

line) to excite the electrons. The photon energy is transferred to the electrons, which 

extracts them out of the solid-state sample, if their after-excitation energy is high enough 

to overcome the vacuum energy. Finally, one can detect the electrons as a function of 

their kinetic energy. The resulting energy distribution curve contains the number of de-

tected electrons depending on their energy. In the following, we refer to these energy 

distribution curves as spectra or UPS spectra. UPS is a surface sensitive method, caused 

by the short mean free path of the electrons in the solid-state sample. The mean free path 

of the electrons for this specific energy range is about 1 nm. Hence, only electrons of 

regions close to the surface are able to leave the sample and are detectable. For this rea-

son, the significantly larger mean free path of the photons is irrelevant for the surface 

sensitivity.  
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Starting point for the interpretation of the energy distribution curve is the EINSTEIN rela-

tion:  

Equation 2.10 kin s BE h Eν φ= − −  

kinE − kinetic energy of the electron, Sφ − work function of the sample, BE − binding energy of the 
electron before emission 

Within this single particle model, the electron absorbs the entire energy, which remains in 

the form of kinetic energy after the emission process. Further contributions of the interac-

tion between photoelectron and the solid-state sample remain unconsidered for this ap-

proach. Moreover, one assumes that no change takes place for the solid-state sample 

concerning the many body character of the states involved.  

BERGLUND and SPICER explain the correlation between the measured spectra and the DOS 

introducing the so-called three-step model [47F46F47]. This model treats the photoemission 

process as three independent steps. In the first step, the electron is optically excited into 

an unoccupied final state by photo-adsorption. In a second step, the electron is transported 

to the surface of the solid-state sample and finally the electrons are emitted into the vac-

uum. 

The second and third step depend only slightly on the energy. Therefore, the structures 

observed in the spectra result from the energy dependency of the optical excitation of the 

electrons. This optical excitation probability corresponds essentially to the combination of 

the DOS of the initial and final state of the electron, which one can calculate using 

FERMI’S golden rule. The structure in the final DOS decreases with increasing energy, so 

that the DOS of the final state normally influences the spectra only slightly. Conse-

quently, the intensity of the measured signal is in good agreement with the occupied states 

of the sample. We schematically illustrate this in 452H455Hfigure 2.11. 

The usually broad maximum of the energy distribution curve at lower energies results 

from inelastic scattered secondary electrons. Their contribution to the photoelectrons 

gradually decreases for higher energies and one observes a flat, less structured back-
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ground in the spectra. In spite of the negligence of surface and many body effects, the 

three-step model is well suited for the prediction of the position and maxima in the UPS 

spectra [453H456H36]. 

However, for a quantitative description of the UPS spectra one has to consider many-body 

theory [454H457H48]. 
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Figure 2.11 Energy scheme and geometry of the photoemission process. 

(Top left) Geometry of the photoemission process: The photon excites an electron, which can be detected 

after leaving the sample. (Right diagram) In case of a constant final-state DOS the spectrum (top) is an image 

of the sample DOS (bottom) at the energy according to equation 2 from ref. [ 455H458H45]. The quantitative description 

of UPS spectra is only possible with many body theories [48F47F48]. 
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22..22..33  PPhhoottooeemmiissssiioonn  TTeecchhnniiqquueess  aanndd  EEffffeeccttss  

Besides STM investigations (see sec. 456H459H2.2.1, pp 457H460H36), we perform UPS measurements (see 

sec. 458H461H2.2.2, pp 459H462H46) of clusters. In our studies, we use a not commonly known technique to 

measure the xenon film thickness during the adsorption process, which we describe in 

section 460H463H2.2.3.1. After that, we also shortly introduce the work function (461H464H2.2.3.2) and the 

charging energy (462H465H2.2.3.3) of clusters on surfaces. Finally, we discuss the Dynamic Final 

State Effect in section 463H466H2.2.3, which we have to consider for the interpretation of our re-

sults. 

2.2.3.1 Photoemission of Adsorbed Xenon 

One can compare the work functions of different samples by adsorbing a xenon layer onto 

a solid-state surface [49F48F49, 50F49F50]. Therefore, we use the strong signal of the p1 25 − niveau of 

the xenon atoms. 464H467HEquation 2.11 describes the relation of the binding energy of the xenon 

p1 25 − peak (with respect to the FERMI level) to the work function of the bare surface Cϕ  

and the binding energy V
BE  of the xenon p1 25 − peak (with respect to the vacuum level). 

WANDELT measured V
BE  for several substrates (among other things for Pd, Pt, Ir, Ni, Cu, 

Ag, Au, Si, ZnO, and TiO2) with different work functions and verified 465H468Hequation 2.11 [51F50F51]. 

UPS measurements in normal emission result in an essentially constant value 

for ( ) ( )1 2 1 25 5 12.3 0.1V F
B p B p cE E eVϕ= + = ± . 

 

Equation 2.11 
F V
B C BE E constϕ+ = =  

F
BE − Binding energy of the xenon p1 25 − peak with respect to the FERMI level, Cϕ −  clean metal work 

function, V
BE −  Binding energy of the xenon p1 25 − peak with respect to the vacuum level. 

 

WANDELT gives an interpretation of the striking invariance of the p1 25  ionization poten-

tial with respect to the vacuum level for different surface orientations and metals in 466H469Hfigure 
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2.12. Two different metals (metal 1, metal 2) with equal FERMI energy EF show different 

vacuum energies Evac,1 and Evac,2 due to their different work functions ,1Cϕ  and ,2Cϕ . The 

reference energy for the Xenon 1 25p − peak of an adsorbed Xenon film is not the FERMI 

energy, but the respective vacuum energy, which results in different positions within the 

UPS spectra. This is because the diameter of a Xenon atom is relatively large (approxi-

mately 4.5 Å). The center of such an atom adsorbed on a surface is located outside of the 

electrostatic surface potential. The curve Φ1(z), which connects Evac,1 outside the surface 

with Eint,1 inside the metal, represents the variation in electrostatic potential (including 

image effects) that any charge will experience when brought from infinity through the 

surface into the bulk due to the well known charge double layer (electron-spill over). 

Xenon atoms of the first monolayer decouple from the substrate, because the surface 

potential is too weak to affect the nucleus. This surface potential effects the second, third, 

and all other Xenon layers even less. Hence, all binding energies of the Xenon layer are 

independent of the FERMI energy. The reference energy is the vacuum energy of the 

substrate. For this reason, the position of the 1 25p − peak is constant with respect to the 

vacuum energy. 

Therefore, we can use this so-called Photoemission of Adsorbed Xenon (PAX) to deter-

mine the work function difference of two samples, by measuring the position of the 

1 25p − peaks of two xenon-covered samples in UPS. The difference of these two peak 

positions is equal to the difference of the work functions. 

Moreover, we use PAX to carry out a controlled xenon adsorption, by measuring the 

1 25p − peaks of the first five monolayers in situ with UPS, as described in section 467H470H4.1.4.1 

(pp 468H471H119) [52F51F52]. 
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Figure 2.12 Potential energy diagram for xenon atoms Xe(1) and X(2) adsorbed on the two semi-

infinite metals of different work functions φc,1 and φc,2 on one φ - heterogeneous surface.  

Evac,1 – vacuum level of metal 1, EF FERMI level, and φc,1 – work function of the bare surface (based on 

figure 1 from [469H472H51]). 

2.2.3.2 Work Function 

The work function Φ is an important property of metals and defined as minimum energy 

needed to remove an electron from a solid to a point outside the solid surface, far from the 

surface on the atomic scale, but still close to the solid on the macroscopic scale. The 

magnitude of the work function is commonly about a half of the ionization energy of the 

corresponding free atom. 

For the interpretation of the observed effects we report in section 470H473H5.2 (p.471H474H146) the work 

function is of particular importance. We always measure the work function of the samples 

at several steps in an experimental run. The work function Φ S  of our sample is  

Equation 2.12 S spectrah EνΦ = − Δ , 

h   = 21.2 eV ν - photon energy, Δ −spectraE total width of the photoelectron spectra 
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where h   = 21.2 eV ν is the photon energy and ΔEspectra is the total width of the photoelec-

tron spectra. To obtain ΔEspectra we apply a bias voltage of Ubias = 5.00 V to the sample 

and determine the position of the FERMI energy and the level of the lower so called cut-off 

energy, which is given by the onset of the secondary electron peak  [472H475H45] (see 473H476Hfigure 2.13, 

and also 474H477Hfigure 2.11). 
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Figure 2.13 Lower cut-off energy of the UPS spectra. 

a) Pristine Au(111) substrate, b) 10 ML Xe / Au(111), c) 30 ML Xe/Au(111) and d) 160 ML Xe/Au(111). 

The spectra are scaled to similar maximum signal for better visualization. A bias voltage of +5eV was 

applied to the sample. The energy scale is given by the FERMI energy EF = 0 eV. 
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2.2.3.3 Charging Energy 

The charging energy (COULOMB Energy) of metallic nanoparticles, which are (weakly) 

coupled to the environment is of general interest, e.g., in single electron devices [53F52F53]. 

R. WILKINS et al. were able to measure the charging energy directly for isolated supported 

nanoparticles using a scanning tunneling microscope [54F53F54]. 

In our experiments, the charging energy of small metal islands plays an important role. In 

the following, we discuss the charging energy exemplarily for a spherical nanoparticle 

(cluster), because we can approximate the islands in our experiments in a first order as 

spherical.  

The capacitance of a sphere is 

Equation 2.13 04=sphereC Rπεε . 

0ε  – vacuum permitivity , ε - material constant (in vacuum ≈ 1), R – radius of the sphere 

The electrostatic energy of an island or cluster with the capacitance C is 

Equation 2.14 ( )
2

2
=

QE Q
C

. 

C – total capacitance of the cluster or island, Q – charge on the cluster or island 

The (excess) charge Q is a multiple of the elementary charge e: 

Equation 2.15 = ⋅Q n e  

e – charge of one electron, n – number of electrons. 

The energy which is needed to charge a neutral cluster (n = 0) with ±1e is 

Equation 2.16 
2

2
=C

eE
C

. 

 

475H478HTable 2.2 shows typical capacities and charging energies in the order of macroscopic, 

mesoscopic, and atomic objects. 
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Table 2.2 Order of magnitude of capacitance and charging energies for spherical particles. 
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Figure 2.14 Schematic illustration of the charge process of a spherical particle. 

 

2.2.3.4 Dynamic Final State Effect 

For the investigation and interpretation of UPS measurements of clusters on substrates we 

have to consider the final state effects. 476H479HFigure 2.15 schematically illustrates the UPS 

process.  

CCCAAAPPPAAACCCIIITTTAAANNNCCCEEE   AAANNNDDD   CCCHHHAAARRRGGGIIINNNGGG   EEENNNEEERRRGGGIIIEEESSS  

R= 0.1 m C = 10-12 F EC = 7·10-8 eV macroscopic 

R = 10-6 m C = 10-17 F EC = 7·10-3 eV mesoscopic 

R = 10-9 m  C = 10-20 F EC = 7·eV atomic  
(estimation) 
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Figure 2.15 Schematic illustration of the photoemission process for metal clusters. 

(a) Free cluster: The photo hole persists within the relevant electron-hole interaction time. The kinetic 

energy of the photoelectron is lowered. (b) Cluster on a surface: The photo hole is neutralized by an 

electron from the substrate in a time t. 

 

477H480HFigure 2.15 (a) shows a free cluster. An incoming photon produces a photoelectron, and a 

positive charge remains on the cluster. The lifetime of the positive charge on the isolated 

cluster is large compared to other timescales of the experiment. This allows a description 

from the static point of view. In case of supported clusters, an electron of the sample 

neutralizes the positive charge in a time t, that remains on the cluster after the photoemis-

sion process. The remaining positive charge attracts the emitted electron. This results in 

an energy shift of the detected electron, which thereby looses kinetic energy. The time for 

the neutralization depends on the coupling of the cluster to the substrate. For metal clus-

ters on a metal surface, the neutralization takes place very fast due to the good electrical 

coupling to the surface. In this case, one can interpret the UPS spectra according to a 

solid-state sample as usual. Nevertheless, for clusters, e.g., on semi conducting surfaces or 

rare gas layers, one observes a so-called dynamic final state effect. For the interpretation 

of the UPS spectra one should not neglect the time scale on which the neutralization takes 
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place. For further details and calculations of the energy shift see ref. [55F54F55], [56F55F56], [57F56F57] and 

[58F57F58]. 

22..33  MMeettaall  IIssllaanndd  GGrroowwtthh  

The investigation of metal islands and clusters grown on surfaces was a topic of many 

previous publications. HEYRAUD and METOIS [59F58F59], e.g., studied the equilibrium shape of 

gold crystallites on a graphite cleavage surface. Former studies in our group treat the 

electronic and geometric properties of a broad range of cluster sizes grown in nanometer-

sized pits (nanopits) on graphite [478H481H31, 479H482H55, 60F59F60, and 61F60F61].  

In this section, we will start with an introduction in the general growth and nucleation 

process of clusters grown on surfaces, exemplarily within an excursion to cluster growth 

in nanopits. 

After this, we describe the technique, we use within this work to produce large metal 

clusters, namely Buffer Layer Assisted Growth (BLAG) [62F61F62] (see 480H483H2.3.2). 

22..33..11  GGrroowwtthh  aanndd  NNuucclleeaattiioonn  ooff  CClluusstteerrss  oonn  SSuurrffaacceess  

481H484HFigure 2.16 schematically illustrates the cluster growth process for clusters grown by 

metal evaporation. The atoms produced by an evaporator, e.g., an Evaporator with Inte-

grated Flux Monitor (see sec. 482H485H4.1.1, p. 483H486H112) or an Evaporator with Resistive Heating (see 

sec. 484H487H4.1.2, p.485H488H114) arrive at the surface and hit an existing cluster (direct impingement) or 

adsorb on the substrate between the clusters. In the first case - the direct impingement - 

they adsorb with the probability 1, and in the second one, they diffuse between the clus-

ters performing a random walk. After they have moved a mean length before desorption 

diffλ they desorb again, except they are captured by an existing cluster, another atom, a 

step, or a nanopit edge. ANTON and KREUTZER, e.g., report a mean diffusion length before 

adsorption for gold on graphite of ( )diff 5.8 2.4 nmλ = ±  [63F62F63] at T = 350 °C.  
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For two metal atoms, there is a high probability for them to stick together and become a 

dimer, which adheres at defects or step edges of the substrate. VENABLES et al. [64F63F64] refer 

to a molecule or a small cluster of a specific size as critical nucleus, which preferentially 

adheres at pit or step edges (see [486H489H31, 65F64F65, and 66F65F66]). 
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direct 
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Figure 2.16 Schematic diagram of the nucleation and growth of clusters on surfaces. 

 

Nevertheless, for clusters at such defects, one has to distinguish between different loca-

tions of the clusters. The authors in the references [487H490H66, 67F66F67, 68F67F68, 69F68F69, 70F69F70 and 71F70F71] deposit 

metal particles electrochemically and observe in many cases decorations on top of the 

steps. In contrast, some other groups in the references [488H491H59, 72F71F72, 73F72F73, and 74F73F74] observe the 

nucleation below a step edge and at the bottom of a nanometer sized defect (see 489H492Hfigure 

2.17), which we call nanopit. 

We studied 15 clusters on nanostructured graphite, before and after a tip induced dis-

placement by the STM tip (e.g., during STS measurements), to determine the exact posi-

tion of the clusters (for details see [490H493H30], published within [491H494H55], p. 70). For such displaced 

clusters, we compared images, in which a cluster was at least partly visible before the 
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displacement, with images afterwards, when the underlying pit edge became visible. We 

could confirm that the clusters grow neither only below nor only above the step edge for 

all 15 different clusters. The pit edge crossed the (previous) cluster diameter, even if we 

corrected the lateral cluster size for the broadening by the tip shape (see 492H495Hfigure 2.8, p. 493H496H41). 

We consider a cluster diameter of 1.4 times the cluster height as discussed in ref. [75F74F75]. 

We concluded that the clusters start to grow at the pit edge and finally take an equilibrium 

shape overlapping the edge. 

 

 
Figure 2.17 Location of clusters grown by metal island evaporation on surfaces.  

(a) The cluster is located on top, (b) at the bottom, and (c) overlapping at a step or pit edge. 

 

22..33..22  MMeecchhaanniissmm  ooff  BBuuffffeerr--LLaayyeerr--AAssssiisstteedd  GGrroowwtthh  

Several other groups use rare gas layers in their experiments to reduce the interaction 

between metal islands or clusters grown or deposited on surfaces. We mention only two 

typical examples. FAUTH et al. deposit Platinum (Pt) atoms and small Pt clusters into a 

thin rare gas layer on a graphite surface to study the influence of the cluster-surface inter-

action [76F75F76]. The rare gas strongly reduced the surface diffusion and they observe specific 

shifts induced by an interaction of the clusters with defects such as step edges. In ref. [77F76F77] 

OHNO et al. evaporated Ag atoms on a Xe layer on GaAs. They study the formation of Ag 
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clusters and the subsequent immersion of the clusters into the Xe film with x-ray photo-

electron spectroscopy. WADDIL et al. developed this process first to produce abrupt inter-

faces [78F77F78] and later refined the method and called it Buffer Layer Assisted Growth. [79F78F79]. 

We use this method to produce large clusters with several thousands of atoms as we 

describe in section 494H497H4.1.5.1 (p. 495H498H125) and deposit them onto a rare gas layer (see 496H499H4.1.4.1, 

p. 497H500H119). Finally, we present the results in section 498H501H5.1 (pp 499H502H132). 

The main idea of the BLAG process is to adsorb inert buffer layers at low temperatures in 

order to prevent deposited atoms to directly interact with the substrate. The adatoms 

diffuse on the buffer layer [500H503H62] and form three-dimensional clusters or islands. Cluster 

formation on a Xenon buffer layer, e.g., is understandable considering extremely low 

surface free energy (see sec. 501H504H2.4.3, pp 502H505H71) ( 2
Xe 0.063J mγ ≅ ) for Xe(100) and a very 

weak interaction with an adatom, giving a low interface energy iγ . Therewith the condi-

tion for a three dimensional growth is always fulfilled, Xe d iγ < γ + γ  where dγ  is the sur-

face free energy of deposited material ( 20.62J m∼ for Ag(111)). The nucleation and 

growth takes place independent of the underlying substrate. 

22..44  SSiizzee--SSeelleecctteedd  CClluusstteerrss  

The second type of clusters we use in the present work are size-selected clusters. In con-

trast to the clusters we produce by metal island growth, size-selected clusters consist of an 

exactly defined number of atoms. We built our cluster deposition machine, we describe in 

503H506H3.2 (pp 504H507H78), for the deposition of size-selected clusters. We use a new high-transmission 

time of flight mass selector (see sec. 505H508H3.2.3, p. 506H509H92) to generate clusters of a broad range of 

cluster sizes. In this section we introduce the geometry of size-selected (507H510H2.4.1) and, in 

particular, magic clusters (508H511H2.4.2.2) as well as the two main topics within the DFG priority 

project, namely clusters in a free beam (509H512H2.4.2) and clusters on surfaces (510H513H2.4.3). 
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22..44..11  GGeeoommeettrryy  

Beside the cluster density per area, the only reliable information in our STM investiga-

tions is the cluster height. In a first analysis, we always compare the cluster heights we 

measure with STM to the estimated calculated height. 

We describe the morphology of hard landed clusters, which pin to the surface, as well as 

grown clusters at defects, as a first approximation as truncated spheres [511H514H75]. 512H 

515HFigure 2.18 (b) schematically illustrates the model of a truncated sphere. In previous 

experiments [513H516H23, 514H517H61, and 515H518H60], we used a combination of STM for measuring the cluster 

height and TEM for measuring the lateral cluster size. With this, as already mentioned in 

section 516H519H2.2.1.2 (pp 517H520H38), we measure a diameter to height ratio of d / h 1.4≈  for several 

samples. The mean cluster heights are in the range of h 1.8 nm 6.7 nm= − . The truncated 

sphere model then leads to the cluster volume 

Equation 2.17 ( )( )2 33 3 2 1.152= ⋅ ⋅ − = ⋅tsV h d h hπ . 

h − cluster height, d − cluster diameter 

We describe the volume of soft-landed clusters not pinned to a surface analogously, but  

in this case using the volume of a simple sphere 

Equation 2.18 

3
34 1 0.524

3 2
⎛ ⎞= ⋅ ⋅ ⋅ = ⋅⎜ ⎟
⎝ ⎠

SV h hπ . 

h − cluster height 

In solid-state samples silver atoms are arranged in the fcc structure with a lattice constant 

of a = 0.409 nm [80F79F80] and four atoms per unit cell. The volume of the unit cell is a3, and 

the resulting volume of a Agn-cluster is: 

Equation 2.19 n

3

Ag
aV n
4

= ⋅ . 

 

For a Ag55 cluster, e.g., the volume is 
55

3
AgV 0.94 nm= .  
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Using 518H521Hequation 2.17 and 519H522Hequation 2.18 the estimated silver cluster height is consequently 

Equation 2.20 n
n

ts Ag3
Ag

Vh 1.152= . 

n

ts
Agh − Cluster height of an Agn cluster, calculated by using the model of a truncated sphere. 

and 

Equation 2.21 n
n

s Ag3
Ag

V
h 0.524=  

n

s
Agh − Cluster height of an Agn cluster, calculated by using the model of a simple sphere. 

respectively. 

(a) (b)
h

(a) (b)
h

 

Figure 2.18 Schematic depiction of two possible geometric models for clusters on surfaces with 

given height h. (a) Truncated sphere, (b) simple sphere. 

 

According to this, we plot the estimated cluster height for Agn (n = 1 – 1000) clusters 

versus the respective number of atoms in 523HFigure 2.19. 520H524HTable 2.3 summarizes the calcu-

lated cluster heights for the clusters generated within our experiments. 

However, the heights we measure in STM can be slightly different because the STM tip 

measures lines of constant density of states (see 521H525H2.2.1.3, pp 522H526H44). Variations of the tunnel-

ing voltages between -0.5 V and +1 V usually leads to height difference in the order of a 

few 0.1 nm. 
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Figure 2.19 Calculated cluster height of Agn clusters (n = 1 – 1000) plotted versus the number of 

atoms. 

For this calculation, we apply a model of a simple sphere (see 523H527Hequation 2.21). 

 

 

Table 2.3 Calculated cluster heights of clusters deposited within this thesis (see sec. 524H528H5.2, pp 525H529H146). 

22..44..22  CClluusstteerrss  iinn  aa  FFrreeee  BBeeaamm  

Our collaborators B. V. ISSENDORFF et al. study clusters in a free beam using photoelec-

tron spectroscopy (PES). The motivation of these studies are the characterization of the 

CCCLLLUUUSSSTTTEEERRR   HHHEEEIIIGGGHHHTTTSSS   OOOFFF   SSSEEELLLEEECCCTTTEEEDDD   AAAGGG   CCCLLLUUUSSSTTTEEERRRSSS  

ts
Ag40h = 0.8 nm 

309

s
Agh 2.16= nm 

80

ts
Agh 1.05= nm 

561

s
Agh = 2.64 nm 

55

ts
Agh 0.93= ,

55

s
Agh 1.22= nm 

923

s
Agh = 3.11 nm 

147

s
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electronic and geometric structure of small to large clusters as well as the measurement of 

the charging energies of  big clusters.  

Within SPP 1153, we compare the results of free clusters with the results of clusters on 

surfaces. 

2.4.2.1 Shell Model for Clusters 

For the structure of free clusters, one can apply in a first approximation FRIEDEL’S rule 

The cluster structure that has the largest number of next neighbor bonds has the highest 

bonding energy and hence, is the most stable of all structures. 

Following this rule, the most structures conform to a pattern of platonic bodies. Here, the 

most important structure is the icosahedron. This structure can be formed for clusters with 

a number of atoms n = 13, 55, 147, 309, 561, 923, and 1415. One atom is located in every 

corner and inside the icosahedron. Due to the 12 corners, a cluster with 13 atoms has 12 

surface atoms and one volume atom. Larger atom numbers fill a new shell according to an 

icosahedral structure. Because of the larger bonding lengths, in the kth shell is space for 
210 k 2⋅ + atoms. Therefore, in the first shell is space for 12 atoms (e.g., Ag13), in the 

second for another 42 atoms (e.g., Ag55), in the third for 92 atoms (e.g., Ag147), etc. For all 

these shells, there exist 12 atoms at the corners and additionally 210 k 10⋅ −  atoms at the 

surfaces of the icosahedron. In this configuration a geometric structure is formed. In 

analogy to atomic physics with its stable noble gases, there exist also very stable clusters 

due to the closed electronic shells. We introduce these so-called geometrically or elec-

tronically magic clusters in the next section (526H530H2.4.2.2). 

527H531HFigure 2.20 exemplarily depicts the kinetic energy of the electrons depending on the 

cluster radius according to the spherical Jellium-background-model for the Na20 cluster 

[81F80F81]. The energy levels represent the cluster shells. Rightmost one can see the maximum 

numbers of atoms per energetic level, while the numbers in brackets are the numbers of 

degeneracies per level. The labeling s, p, d, f  of the energetic levels represents the angular 



   64  CHAPTER 2  C LUSTERS AND PARTICLES 

 

quantum number according to atomic physics. The first number represents the zero of the 

wave function of the quantum mechanical harmonic oscillator. At the 2s-level one can see 

the two electrons with spin up and spin down, which are in the outer shell of the Na20 

cluster. This potential of the electrons in which a uniform background of positive charge 

exists is comparable to the WOOD-SAXON potential in nuclear physics. 

528H532HFigure 2.21 depicts the WOOD-SAXON potential of nucleons. The picture combines a 

rectangular potential and the potential of the harmonic oscillator. In the left part of this 

picture, one can find the WOOD-SAXON potential of neutrons; and to the right, the one for 

protons, where in addition the COULOMB energy has been included. Both describe nucle-

ons as FERMI gas. One can see the energetic levels, which represent the shell structure of 

the atomic nucleus. A specific number of nucleons can fill the shells.  

A further analogy is the similarity to the periodic table of elements. The successively 

filling of cluster shells with electrons illustrates 529H533Hfigure 2.22. In this picture, the arrange-

ment of energetic levels within a cluster occurs in shells, in accordance to nuclear physics. 

Leftmost one can see the list of the shells 1s, 1p, 1d and 2s and to the right the corre-

sponding Na cluster, each with their respective number of electrons per energetic level. 

The more atoms per cluster exist, the more electrons occupy free positions within the 

shells, until electrons completely occupy and close the shell. Commonly one names clus-

ters with closed shells electronically magic clusters, which we discuss in the section 

below. 
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Figure 2.20 Kinetic energy of the electrons depending on the cluster radius according to the spheri-

cal Jellium-background-model exemplarily for the Na20 cluster. 
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Figure 2.21 WOOD-SAXON potential of nucleons.  
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Figure 2.22 Electronic periodic table for small sodium clusters. 

The periods (1s, 2p, 2s, …) are defined by the electronic shells obtained within the Jellium-model. The 

first group in this table is formed by the monovalent clusters with an expected high chemical reactivity. 

The closed shell clusters Na2, Na8, and Na40 are also found in the mass spectrum in 530H534Hfigure 2.23 (from ref. 

[82F81F82]). 

 

2.4.2.2 Magic Cluster Sizes 

Clusters with such an electron configuration as described above are extremely stable due 

to the high binding energy. In case of sodium clusters, one observes the magic numbers in 

the mass spectrum (see 531H535Hfigure 2.23). This plot shows the intensity of the cluster signal 

plotted versus the cluster mass. Clearly visible are the pronounced peaks for Na2, Na8, 

Na40, and Na58. Theses clusters exhibit 2, 8, 20, 40, and 58 electrons per cluster. Due to 

the higher binding energies of electrons in magic clusters it takes higher energies to re-

move an electron from the cluster, or add an electron to the cluster. Clusters with one 

more atom, thus clusters where an additional electron starts filling the next shell, are less 

stable and show significantly lower intensities in the mass spectra. BRÉCHIGNAC et al. 

also observed the shell structure of clusters in ionization potential measurements of Na 

clusters, even though they observe some irregularities according to theoretical calcula-
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tions [83F82F83], which can be explained by the CLEMENGER-NILSSON-Model, we introduce in 

the next section. 

In contrast, for rare gas clusters geometrically magic clusters define exceptionally stable 

cluster sizes, e.g., the icosahedral shapes for n = 13, n = 55, n = 309, n = 561, n = 923, and 

n = 1415. 532H536HFigure 2.24 schematically depict the so-called MACKAY icosahedrons [84F83F84] for 

clusters up to 561 atoms. 
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Figure 2.23 Mass spectrum of hot sodium clusters. 

Some cluster masses, e.g., Nan (n = 2, 8, 20, and 40 atoms) show higher intensities, and are referred to as 

electronically magic clusters. There exists a correlation for hot clusters between higher intensity in the 

mass spectrum and higher binding energies, which means higher stability of the cluster. One can explain 

these results in case of sodium using the Jellium-Model (from [85F84F85], see also [86F85F86]). 
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Figure 2.24 Structures of rare gas clusters. 

For n = 13 one obtains the well-known icosahedral structure, where one atom in the center is surrounded 

by two 5-fold caps consisting of six atoms. For larger clusters atoms are attached to this icosahedron until 

for n = 55, 147, 309, and 561 the next shells are filled [87F86F87, 88F87F88]. 

2.4.2.3 CLEMENGER-NILSSON-Model 

The simple Jellium-Model presumes that all clusters are spherical. It neglects the electron 

configuration regarding the filling of the shells. In reality, only magic Jellium clusters, 

thus the clusters with closed shells and full-occupied energetic levels are spherical. Other 

cluster sizes exhibit a non-spherical shape due to the asymmetric distribution of the elec-

trons within the cluster. This phenomenon is the JAHN-TELLER-effect (or JAHN-TELLER 

distortion) [89F88F89, 90F89F90]. One can explain the deviations between ionization potential meas-

urements and calculations of Na clusters by the CLEMENGER-NILSSON-model [91F90F91], which, 

in contrast to the Jellium-Model, considers the non-spherical clusters. 533H537HFigure 2.25 sche-

matically illustrates the energy of the cluster depending on the distortion parameter δ. In 

case of δ = 0 the clusters are spherical. Clusters with closed electron configuration sit on 
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the vertical axis crossing the x-axis at zero, which means high degeneracy for magic 

clusters. For distortion parameters, δ < 0 or δ > 0 the clusters are compressed and 

stretched, which changes the cluster shape to an oblate or a prolate. Therewith, the degen-

eracy has been shifted and the energetic levels split up into sub levels or shells. The more 

the distortion parameter converges towards zero, the more the sub levels overlap. Now, 

one can explain the minima of the ionization potential for magic cluster sizes, by means 

of the CLEMENGER-NILSSON-model: Electrons of non-spherical clusters are located in sub 

shells and have consequently a lower energetic level than electrons of spherical clusters 

with closed shells. This model can also explain the deviation in the ionization potential 

between theory and experiment, because the calculations do not consider the non-

spherical cluster shapes. 
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Figure 2.25 The CLEMENGER-NILSSON-model of cluster energy levels as a function of the distortion 

parameter δ [534H538H91]. 

The energy scale is dimensionless in order to accommodate all cluster sizes, and the zero is suppressed; 

the 1s-1p energy difference at δ = 0 is exactly 0ω= . The points on the figure indicate the position of the 

highest occupied level for each cluster, at the value of  δ corresponding to the assigned ground state. 
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22..44..33  CClluusstteerrss  oonn  SSuurrffaacceess  

As already mentioned in the introduction, for technological applications it is mandatory to 

bring the clusters in contact with a surface. We therefore discuss now some basic effects 

of the cluster-on-surface system. 

Considering clusters on a substrate, the interaction with the substrate strongly influences 

the crystalline structure of the clusters leading to effects like preferential orientation or 

epitaxial growth of the clusters on the substrate. One can compare this to the dependence 

on the deposition parameters like, e.g., temperature, and the dependency on the cluster 

size for the cluster substrate interaction [535H539H61].  

For gold clusters grown in nanopits on graphite at T = 623 K, we observe a transition 

from a three-dimensional growth for smaller cluster sizes (< 10³ atoms) to a mainly lateral 

growth after the formation of hexagonal (111) facets on top of larger clusters (> 104 at-

oms) [536H540H75]. Electron diffraction patterns lead to the result of facets with their (111) plane 

oriented parallel to the HOPG (0001) surface [537H541H55]. The occurrence of diffraction rings in 

theses measurements instead of discrete spots indicates a random lateral orientation, 

which we later confirmed by the investigation of the lateral orientation of faceted Au 

clusters with STM.  

Using macroscopic concepts, the orientation dependent surface energy γ governs the 

three-dimensional equilibrium crystal shape (ECS) of a solid.  

GIBBS first introduced the concept of the surface free energy γ (see ref. 1, 2 in [538H542H8]), and 

defined it for a one-component material as the work dW required to create a new surface 

area dA at a constant temperature and chemical potential: 

dW
dA

γ =  

The minima in γ for closed-packed surfaces correspond to a small number of different 

facets defining the ECS [539H543H8]. Thus, the ECS at T = 0 K is formed by well-defined polygo-

nal facets with sharp edges between them. Surface energies are mostly calculated for a 

temperature T = 0 K (see, e.g., [92F91F92, 93F92F93]), experiments for the shape of µm-sized particles 



   72  CHAPTER 2  C LUSTERS AND PARTICLES 

 

[540H544H8, 94F93F94, 95F94F95, 96F95F96, and 97F96F97] use temperatures which are high enough to achieve the ECS is 

archived in a suitable time [98F97F98]. I. BARKE estimates for spherical particles at T = 350° C 

relaxation times τ in the order of  τ ≈ 10-4 s for a particle with a radius of 1 nm, and 
-2τ = 10 s  for a radius of r = 4 nm [541H545H55]. Because the orientation-dependent surface energy 

changes with temperature, we estimate the relaxation time again for clusters at room 

temperature in section 542H546H5.4.2 (p. 543H547H179).  

The anisotropy reduces with T approaching the melting temperature Tm [544H548H96], which is 

equivalent to more and more spherical particles with small facets [545H549H94, 546H550H95]. In addition, the 

step energy gets more and more isotropic at higher temperatures, which results in nearly 

circular facet shapes close to Tm [547H551H97]. A quantitative comparison with calculations re-

quires an exact study of the ECS in a broad range of different temperatures [548H552H96]. 

Generally, the shape of clusters differs from the macroscopic ECS. For clusters in contact 

with a surface, the cluster-surface interaction modifies the cluster morphology. In general, 

this is a complicated problem for small clusters [99F98F99, 100F99F100] but, using macroscopic con-

cepts in the limit of large particles, the resulting shape can be predicted using the substrate 

surface and interface energy [101F100F101, 102F101F102]. We did not observe faceted cluster shapes for 

silver clusters. In contrast, as mentioned above for gold clusters grown at elevated tem-

peratures (623 K – 873 K) we observed a preferential orientation with the (111) surface of 

the facets parallel to the substrate, measured with electron diffraction. The hexagonal 

facets on top of larger gold clusters are well known from investigations with STM [103F102F103] 

and TEM [549H553H63].  

We present a full study of the morphology of Au clusters on HOPG with its three dimen-

sional growth for smaller gold clusters and the transition to mainly lateral growth for 

larger clusters, which is connected with the formation of (111) facets on top of the clus-

ters in detail in ref. [550H554H75].  

According to the CLEMENGER-NILSSON-model (551H555H2.4.2.3, pp 552H556H68), one expects a reduced 

degeneracy due to a symmetry break for clusters in contact with a surface. The symmetry 

is already broken due to the presence of the surface, even if the cluster shape is as sym-
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metric as in the free beam. Therefore, the use of rare gas layers is promising due to the 

reduction of the coupling to the surface (see also sec. 553H557H5.1, pp 554H558H132 and sec. 555H559H5.3, pp 556H560H156). 

To investigate these fundamental effects of clusters on surfaces, also for size-selected 

clusters, one has to study the change of the geometric and / or electronic properties 

through the contact with the surface. To start these investigations it is of advantage to 

keep the shape of the clusters as far as possible similar to that of free clusters. However, 

one would expect a distortion, fragmentation, or coalescence of clusters during or after the 

deposition process. This experimental challenge leads to the topic of soft-landing. 

On the other hand, for the deposition of size-selected clusters, we have to consider the 

effects, that occur for different kinetic energies during the deposition process [104F103F104]. 

2.4.3.1 Hard-Landing and Soft-Landing 

To preserve the geometric, electronic, and magnetic properties of clusters measured in the 

free cluster beam [557H561H9] after the deposition onto a surface, one needs a method for the non-

destructive cluster deposition. BROMANN et al. perform a so-called soft-landing of clus-

ters, using two different methods [105F104F105]. First, they used impact energies lower than 1 eV 

per atom and were able to soft-land silver nano-clusters nondestructively on a bare 

Pt(111) surface. For higher kinetic energies, they observe fragmentation and substrate 

damage. To prevent these effects, they use as a second method an Argon (Ar) buffer layer 

on the platinum substrate, which efficiently dissipates the kinetic energy. A rare gas 

buffer layer seems to be well suited due to its high chemical inertness. Moreover, the rare 

gas partially desorbs, while the clusters hit the buffer layer and hence absorbs its kinetic 

energy. After the deposition, a slow heating of the sample desorbs the rare gas buffer 

layer [106F105F106].  

CHENG and LANDMANN determine the energy transfer between absorbed energy intEΔ  

and kinetic energy of the cluster kinE  [107F106F107] in a simulation of soft-landing with molecular 

dynamics: 
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Equation 2.22 

2
rg rgkin

kin C C

cE
E c

ρ⎛ ⎞Δ
∝ ⎜ ⎟ρ⎝ ⎠

 

rgρ − Density of the rare gas layer, Cρ − density of the cluster, rgc − speed of sound of the rare gas layer, 

and Cc − speed of sound of the cluster. 

 

In addition, ZANG et al. present in a recent publication molecular dynamic simulations for 

the soft-landing process [108F107F108]. 

Due to the high mobility of atoms and clusters on a rare gas layers (see 558H562H2.3.2, p. 559H563H58) coa-

lescence can not be excluded. To prevent coalescence, in particular during the buffer layer 

desorption, ANTONOV et al. [560H564H62] use an additional capping layer (see also ref. [109F108F109]). 

 



 

 

CChhaapptteerr  33  

EEXXPPEERRIIMMEENNTTAALL  SSEETTUUPP  

33..11  LLooww--TTeemmppeerraattuurree  SSuurrffaaccee  SScciieennccee  FFaacciilliittyy  

e carry out all sample preparations and the analysis of the samples using a 

low-temperature (LT) ultra high vacuum (UHV) Surface Science Facility 

(SSF) [110F109F110] (manufactured by the Omicron Nanotechnology GmbH [111F110F111]) (see 561H565Hfigure 

3.26). The SSF is based on a two chamber UHV system connected with a sample manipu-

lator cooled by liquid helium (LHe) allowing cold transfer of samples (and tips) between 

the two chambers. The first chamber, the preparation chamber (PCH), carries the high-

resolution photoelectron analyzer together with the sample preparation methods (evapora-

tion, sputter cleaning, and heating). The second one, the analysis chamber (ACH), con-

tains the LT STM. The base pressure in SSF is 11
prepp 2 10−= ⋅ mbar. Gaisch et al. realized 

first a full in situ flexible tip and sample exchange in UHV at the IBM Zurich Research 

Laboratory [112F111F112] within a successful setup of an LT UHV STM. I. BARKE extended this 

setup to a home-built low-temperature sample holder (SHLT) [113F112F113]. We use the SHLT to 

W 
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cool down our samples to a temperature of approximately T = 10 K, allowing us to pre-

pare and analyze samples in the preparation chamber at low temperatures. Since we use 

this SHLT we are able to transfer the sample into the LT-STM, keeping the sample tem-

perature constantly below T = 30 K. At these low temperatures, we were also able to keep 

a tip shape, which is capable of imaging, e.g., clusters for days. We produce such well 

defined tungsten tips with a tip radius of a few nm, which prevent a strong broadening of 

the lateral cluster shape [562H566H60] (see also sec. 563H567H2.2.1.2, pp 564H568H38) and allow to image the clusters, 

using ex situ electrochemically etching and an in situ preparation with heating and field-

emission sputtering [114F113F114].  

In the SSF, we transfer samples and tips by means of an x-y-z sample translator with fast-

load lock for sample insertion that connects both chambers [565H569H19, 115F114F115]. 
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Figure 3.26 Picture of the Surface Science Facility in the laboratory of the University of Dortmund. 
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33..22  CClluusstteerr  DDeeppoossiittiioonn  MMaacchhiinnee  

We develop and build the new High Transmission Cluster Deposition Machine for the 

production and deposition of mass-selected clusters onto surfaces within the DFG priority 

program SPP 1153 (see 566H570H1.1, p. 567H571H23). 

In previous chapters, we pointed out that clusters, and in particular size-selected clusters, 

are interesting to investigate. Furthermore, our unique combination of a cluster machine 

together with a low temperature surface science facility that includes the combination of 

in situ LT STM / STS and UPS holds a large research potential. Mainly, we are interested 

in the geometric and electronic properties of clusters on surfaces, which we will compare 

with the results of the same clusters in a free cluster beam (see 568H572H2.4.2, pp 569H573H62) investigated 

by the group of  V. ISSENDORFF of the University of Freiburg. 

The apparatus consists of a magnetron-sputter-gas-aggregation cluster-source [116F115F116], a 

differential pumping stage with a cryo-pump, and a new high-transmission-infinite-range 

mass-selector [117F116F117]. The mass-selector chamber connects the cluster machine with the 

surface science facility. 

 

 
Figure 3.27 Picture of the new cluster machine in the laboratory of the University of Dortmund. 

 



3.2 CLUSTER DEPOSITION MACHINE― 2.4.3 CLUSTERS ON SURFACES  ― 2.4.3.1 HARD-
LANDING AND SOFT-LANDING 79 

 

 

 
Figure 3.28 Full-sized schema of the cluster-deposition machine. 
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Figure 3.29 Cross-sectional view of the cluster-deposition machine. 

Two-dimensional side view (top) and three-dimensional trimetric view (bottom). (1) 1st stage - cluster 

source, (2) 2nd stage – cryo-pump, and (3) 3rd stage – mass-selector.  
 

33..22..11  FFiirrsstt  SSttaaggee  ––  MMaaggnneettrroonn  SSppuutttteerr  SSoouurrccee  

The first stage of the cluster machine we use in this new setup for cluster generation is the 

well-known Magnetron-Sputter-Gas-Aggregation Cluster Source, first introduced by the 

group of H. HABERLAND [570H574H116]. The drawing in 571H575Hfigure 3.29 shows a sectional-view of the 

cluster source chamber. A turbo molecular pump (TPS) (TURBOVAC TW 701, 

LEYBOLD Vacuum [118F117F118]) evacuates the source chamber (SCH) (see 572H576Hfigure 3.29 (1) and 

573H577Hfigure 3.30). The final pressure in the source chamber is -84.8 10 mbar⋅  without gas load 

and between -3 -28.8 10 mbar and 2.7 10 mbar⋅ ⋅  with gas load (depending on the Argon 

(Ar) / Helium (He) flux ratio). The pumping speed for Nitrogen (N2) and Ar is 
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-1680 l×s and for He -1530 l s⋅ . The chamber contains a liquid nitrogen (LN2) cooled 

aggregation-tube with a movable magnetron-sputter-discharge head (m). 

 

mi

LN2

s

TPS

mi

LN2

s

TPS

 

Figure 3.30 Cross-section of the first stage of the cluster machine – the cluster source chamber. 

 

We automatically stabilize the temperature of the source by an LN2 flux control system 

that we build within this work. 574H578HFigure 3.31 shows a schematic diagram of the control 

system.  
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Figure 3.31 Schematic diagram of the automatic LN2 cooling system setup. 

N2 – Nitrogen bottle, PG – pressure gauge, v2 – stop valve, v1 – electrical valve, LN2 – liquid Nitrogen 

tank, SCH – cluster-source chamber, and TS – cluster source temperature. 

 

A pressure gauge connects the N2 bottle to an electrical valve v1. A simple stop valve v2 

connects the valve v1 to the LN2 tank. We then connect the LN2 tank directly to the SCH. 

The control unit monitors the cluster source temperature TS. We usually set the trigger 

temperature to -169 °C, though this can slightly vary for different cluster-source parame-

ters during operation. Whenever the temperature rises and exceeds the trigger level, the 

control unit opens the electrical valve V1 and applies a pressure to the LN2 tank, to in-

crease the LN2 flux, and cool the cluster source. The LN2 flows through a flow cryostat 

surrounding the cluster source. Cooling the cluster source is important because magnet 

temperatures above 80 °C destroy the magnetron. Cooling with LN2 prevents overheating 
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of the magnetron cathode for high powers from 5 to 20 W. Furthermore, the LN2  cools 

the Ar / He mixture and leads to a better cluster condensation. 

For a more detailed description of the cluster condensation process, we enlarge the region 

between magnetron m and skimmer s in 575H579Hfigure 3.30 to that in 576H580Hfigure 3.33. We operate a 

5 cm diameter magnetron-sputter-discharge cathode k at a pressure in the order of 
-210 mbar in a mixture of Ar and He. The Ar floats directly over the sputter target t, while 

we inject the helium from the back. Increasing the He to Ar flux ratio increases the num-

ber of smaller clusters. Decreasing the ratio increases the cluster size. Typical fluxes are 

HeΦ =200 sccm  (sccm4F4F

5 – standard cubic centimeters per minute) and ArΦ = 80 sccm  for 

small clusters (n = 1-70), and 100He sccmΦ = and 100Ar sccmΦ =  for larger clusters 

(n ≈ 103). 

The magnetron cathode k is located behind the Target t, which we can bias up to 1.2 kV. 

The magnetron cathodes strong electric field ionizes the injected Ar. A high voltage 

accelerates the Ar ions towards the target and produces silver atoms as well as secondary 

electrons. The magnetic field forces the secondary electrons to cyclotron orbits and ion-

izes more Ar. The Ar ions produce more silver atoms plus secondary electrons, which 

remain again in the discharge area and so forth. The silver atoms leave the discharge area 

and enter the condensation region c. In this region, the silver atoms collide with the Ar 

and helium atoms, resulting in a cluster condensation. The cluster size depends on the 

distance between target t and iris i, as well as on the diameter of the iris. The cluster size 

increases both with closing the iris or increasing the target-iris-distance and vice versa. 

The clusters then pass the iris i and are focused by the ring r towards the skimmer s into 

the next chamber. The iris as well as the skimmer potential can be set to ± 50 V. In the 

experiments within this thesis, we produce only positively charged clusters. Hence, we set 

all electrodes to negative voltages. 

                                                   
 
5 Standard Cubic Centimeters per Minute is the flux measured at standard conditions, such as a pressure of 100 kPa (1 bar) 
and a temperature of 273,15 K 
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The silver target we use in all experiments is an AMERICAN SILVER EAGLE coin [119F118F119]. 

This coin consists of  99.9 % pure silver. 577H581H 

Figure 3.32 shows a picture of a brand-new (before sputtering) and a used coin (after 

sputtering the target for about 20 h at 5 Watt). The structure on the used coin indicates the 

position of the torus shaped ring of the sputter discharge (plasma) during the operation of 

the sputter source. For further details of the sputtering yield see ref. [120F119F120]. 

 

 

Figure 3.32 Picture of the AMERICAN SILVER EAGLE used as silver sputter target. 

(Left) before and (right) after 20 h sputtering at 5 W. The AMERICAN SILVER EAGLE consists of one troy 

ounce of 99.9 % pure silver. 
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Figure 3.33 Enlarged view of the magnetron region.  

k: magnetron sputter cathode, m: magnetron-sputter-discharge head, c: condensation region, t: target, a:   

aggregation tube, i: iris, s: skimmer, r: ring. 

33..22..22  SSeeccoonndd  SSttaaggee  ––  CCrryyoo--PPuummpp  

After the cluster generation inside the cluster source chamber the clusters with a broad 

cluster size distribution enter the second stage of the cluster machine - the cryo-pump 

chamber (CCH) (see 578H582Hfigure 3.29 (2)) - through the skimmer, which can get a bias voltage 

of 50V± . The skimmer is a conical shaped aperture, separating the core of the expanding 

cluster beam from the diffuse border. We then accelerate and focus the clusters by several 

electrodes E, deflect the cluster beam in x-y-direction by four deflector plates Dxy, and 

guide them through the field free region inside the cryo tube tK before they leave the 
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chamber again towards the mass selector chamber (see 579H583Hfigure 3.29 (3) and enlarged in  

and 580H584Hfigure 3.37). 

The turbo molecular pump of the cryo-pump chamber (TPC) (VARIAN TV301 Navigator 

[121F120F121]) provides a final pressure of -7
CCp =4.6×10 mbar  without gas load and operating 

cryo-pump. The pumping speed for N2 is -1280 l s⋅ and for He -1230 l s⋅ . In this machine 

we use the dual stage cold head H Coolpower 5 / 100 T of the manufacturer LEYBOLD 

[581H585H118] to freeze out Ar and other impurities (especially water (H2O)) coming out of the 

cluster source (for a detailed drawing see 582H586Hfigure 7.92, appendix 583H587H7.2). We measure tem-

peratures for the first stage StI and the second stage StII of about IISTT 10K≈  and 

ISTT 30K≈  while operating the cluster machine. Theses temperatures can vary slightly 

depending on the gas load and / or the thermal coupling of StII to H (see discussion of the 

Boron Nitride foil below). A performance test shows that the temperatures ISTT  and IISTT  

reach their respective values in approximately 2.5 h (see 584H588Hfigure 3.34). Furthermore, we 

perform a gas analysis with a quadrupole mass-spectrometer, mounted inside the prepara-

tion chamber. It turns out that almost all of the Ar adsorbs at the cryo tube tc (temperature 

T IIST ) and even at the outer shielding So (temperature T IST ). Consequently, it freezes out 

H2O and other impurities. Hence, with an operating cryo-pump the final pressure in the 

CCH is -8
CCp =4.5 10 mbar⋅  without, and in the order of -610 mbar  with, gas load, depend-

ing on the He / Ar flux ratio. We can screw the cool head up and down by using the three 

adjusting screws AS1-3. One of them is visible in 585H589Hfigure 3.35. It is important to align ex-

actly the cryo tube with respect to the cluster beam axis. Otherwise, the clusters would not 

be able to pass the cryo tube region after leaving the last acceleration electrode and could 

not enter the mass selector chamber. We discuss the electrodes E we mention above as 

well as the x-y-deflector plates Dxy in the following chapter in more detail. 
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Figure 3.34 Temperature of the 1st and 2nd cold stage of the cool head. 

(■) TStI – Temperature of the 1st (outer) cooling stage STI measured by a thermocouple, (●) TStI – meas-

ured by a Si-diode, and (▲) TStII – Temperature of the 2nd cooling stage measured by a Si-diode. 
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Figure 3.35 Cross-section of the second – the cryo-pumping-stage. 

S: skimmer, E: set of electrostatic lenses, Dxy: x-y-deflector plates, TPC: Turbo Pump, H: cool head, SO: 

outer shielding, STI: first stage of the cool head H, tC: cryo tube, STII: second stage of the cool head H, 

AS1: one of the three adjusting screws. 
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3.2.2.1 Ion Optics 

The combination of four electrodes A1, A2, A3, and Vf represent three electrostatic 

lenses. By changing the voltages of A1 to A3, one can focus or defocus the beam, respec-

tively, while the floating Voltage fV = -500V  remains constant. 

Our collaborators in Freiburg use the ion optics simulation program SIMION [122F121F122] for 

the simulation of the trajectories of the clusters. 586H590HFigure 3.38 exemplarily depicts the fo-

cusing of an EINZEL LENS. The simplest EINZEL LENS usually consists of three electrodes. 

The electric field, established by two different potentials in-between, affects a particle 

passing a configuration depicted in 587H591Hfigure 3.38. The potential energy surface view in (c) 

and (d) visualizes the focusing effect of this lens for two different voltages. 

Because the electrodes A1 to A3 can only change the focal point of the cluster beam, the 

x-y-deflector plates Dxy are extremely important for beam alignment. 588H592HFigure 3.36 shows a 

front view picture of this part. Through slight changes of the four electrode voltages to 

values different from the floating voltage ( Ufloat. volt. = -500 V) we can bend the cluster 

beam in x-y-direction. 

With a well-adjusted cool head of the cryo-pump and hence perfectly aligned cryo tube tc 

with respect to the beam axis direction, we can guide the cluster beam directly through the 

cryo tube that is on floating voltage potential. The floating voltage potential at the cryo 

tube is important to provide a field-free region. Within this field, the clusters can pass 

unaffected and straight until they reach the next chamber.  

The second cooling stage directly connects the cryo tube holder to the cool head H that is 

on ground potential. In order to bias the cryo tube holder to floating voltage potential, we 

have to electrically decouple the cryo tube setup from the cool head, simultaneously 

getting a good thermal coupling. Therefore, between cool head H and the cryo tube 

holder we use a 0.5 mm Boron Nitride (BN) filled polymer foil FBN (manufacturer 

KERAFOL® [123F122F123]) to guarantee a good thermal conduction as well as electrical isolation as 

well (see FBN in 589H593Hfigure 3.37). The isolation foil is the main reason for the temperature 
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difference between the theoretical minimum temperatures of the second cooling stage 

compared to the experimentally measured. 

 

Figure 3.36 Frontal view of the X-Y-deflector plates (Dxy of 590H594Hfigure 3.35) 

The cluster beam (grey filled cone) enters the deflector plates perpendicular to the front panel of the outer 

cryo shielding (SO), which is mounted to the first stage (St1) of the cool head. 
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Figure 3.37 Enlarged cross sectional view of the cryo chamber (CCH). 

The skimmer s is depicted rightmost, followed by a set of electrostatic lenses. The principle of an EINZEL 

LENS example is depicted in 591H595Hfigure 3.38. In cluster beam direction (grey doted arrow) from rightmost to the 

left: skimmer s, acceleration electrodes A1 to A3, floating voltage electrode Vf, x-y-deflector Dxy, cryo tube tc 

mounted to the 2nd cooling stage StII of the cool head H, electrically decoupled but thermally coupled by an 
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Boron Nitride (BN) foil FBN, outer shielding (1st cooling stage) STI and turbo molecular pump in the cryo-pump 

chamber TPC. 

 

 

Figure 3.38 SIMION® [592H596H122] simulation of an EINZEL LENS example 

(a) Cross sectional view of an EINZEL LENS example. Two electrodes are set to ground potential, the 

middle electrode to +110 V. (b) Three-dimensional view of the three electrodes and the particle beam. (c) 

Focusing effect demonstrated in a potential energy surface view. The potential causes ions to roll inward. 

(d) Changing the middle electrode to +210 V also results in focusing the particle beam. 
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33..22..33  TThhiirrdd  SSttaaggee  ––  HHiigghh--TTrraannssmmiissssiioonn  MMaassss--SSeelleeccttoorr  

The core of our cluster machine is definitely the high transmission infinite range semi 

continuous time-of-flight mass-selector, in the following simply called mass selector 

(MS). Our collaborators Of the University of Freiburg V ISSENDORFF et al. [593H597H117] first 

introduced and constructed the mass selector. For our experiments, we use a slightly 

optimized version, reconstructed by C. YIN and B. V. ISSENDORFF within the DFG priority 

program SPP 1153. The basic idea of this new mass selection technique is to displace an 

ion beam laterally by accelerating a portion of it perpendicular to its original direction by 

a pulsed electric field letting it drift for some time, and then stopping the perpendicular 

movement by a pulsed electric field in the opposite direction. Finally, the selected cluster 

masses leave the chamber through an exit aperture and are focused again towards the 

sample. 

594H598HFigure 3.39 shows a cross sectional view of the third stage – the mass selector chamber 

(MCH). We evacuate this chamber by a turbo molecular pump (TPM) (VARIAN turbo-V  

300 HT [595H599H121]). The final pressure with gas load, without baking out, is 
-8

MSp =5.8 10 mbar⋅ . After a moderate bake out of the MCH and utilizing copper rings in 

the CF flanges the minimum pressure is -8
MSp =1.1 10 mbar⋅ . The pumping speed for N2 is 

-1280 l s⋅ and for He -1230 l s⋅ . 

The cluster beam enters the MCH from the right upper flange through the first electrode 

Ef. This electrode focuses the cluster beam to the so-called FARADAY cup electrode FCI, 

which is a simple, squared stainless steel plate. We discuss the optimization and the 

measurement of the cluster current at this point in detail in section 596H600H3.2.5. Focusing the 

cluster beam to and optimizing the cluster current at this point is the most important 

manipulation of the cluster beam before the mass selection process due to the mass selec-

tion principle explained as follows: 

The incoming clusters fill the acceleration region of the MS, well focused to FCI. We 

apply a first electric high voltage pulse of -800 V to the upper acceleration plate. The 

starting pulse accelerates the positively charged Ag clusters downwards through an 
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l = 80 mm long and w = 10 mm wide slit aperture. All cluster ions gain the same momen-

tum and in this way a cut out l = 80 mm long cluster beam portion drifts downwards 

conserving their lateral velocity. The cluster beam passes a field-free region, because the 

body of the mass-selector is set to floating voltage. Before they pass an identical slit 

aperture, they reach the deceleration region (DR). A second high voltage pulse identical to 

the first one but in the opposite direction is applied to the deceleration plate (DP). The 

stopping pulse decelerates the clusters in the beam, which continue their lateral move-

ment. Because of the identical start and stop pulse, the whole cluster beam is displaced 

vertically to its original direction, while conserving the focal point at the point of the exit 

aperture of the MS. Because all cluster ions gain the same momentum, clusters with 

smaller masses accelerate more, and gain a higher velocity perpendicular to their original 

direction. The cluster beam splits into parallel beams of different masses. By changing the 

timing of the high voltage pulses, one can select masses from Ag1 to almost unlimited 

size. 

597H601HFigure 3.40 schematically illustrates the timing of the high voltage pulses. The high volt-

age start pulse is applied when the acceleration region AR is filled with ions. The stop 

pulse is started when the ions have reached the second pulse region, the deceleration pulse 

region DR. The delay time between the two pulses is τd. The waiting time τw between 

two consecutive start pulses is given by the time necessary to fill the pulse region. The 

time both of the starting and stopping pulse trains is  τw + τp. One can use this to deter-

mine the transmission through the mass selector. Every τw + τp, an ion package of the 

length l is transmitted through the mass selector. During this time an ion package of the 

total length lp = (τw + τp) v0 has entered the selector (v0 – velocity of the ions). There-

fore, the theoretical transmission efficiency for the selected mass is T = l / lp. With ideal 

parameters, this can be close to 100 %. This means, despite the use of a pulsed technique, 

it is possible to obtain an almost continuous mass-selected beam. The times τw, τp, and 

τd  are integer multiples of the period of the frequency generator. The real times are there-
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fore τw · f-1, τp · f-1, and τd · f-1, where f is the frequency. For a detailed calculation of 

the parameters, see ref. [598H602H117]. 

We can calculate the selected mass m with 599H603Hequation 3.23 

Equation 3.23 ( )2
2

1

1⋅
= + ⋅ ⋅

⋅
p

p p d

e U
m

x d f
τ τ τ  

e – elementary charge, Up = 863 V – pulse voltage, x = 0.1 m – total displacement (see x in 600H604Hfigure 3.39), 

d1 = 0.04 m – plate separations. 

 

To obtain the cluster mass in amu, one has to divide the result of 601H605Hequation 3.23 by the 

mass of a proton (1.67·10-27 kg). For a detailed derivation, see ref. [602H606H120]. 

After the mass selection process, the mass-selected clusters leave the MCH through the 

exit aperture. Several electrostatic lenses focus the clusters towards the sample inside the 

preparation chamber. We measure the cluster current behind the exit aperture of the mass 

selector with a channeltron, which we describe in section 603H607H3.2.5.  

The main advantage of this mass selection principle is the high transmission of 80 % and 

the almost infinite range of selectable cluster masses together with a compact setup. 
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Figure 3.39 Cross sectional view of the mass selector. 

Ef: focus electrode, AP: acceleration plate, AR: acceleration region, TPM: Turbo Pump in the Mass-

selector chamber, L: Laser, DP: decceleration plate, DR: deceleration region, FCI: FARADAY Cup I, 

x: total displacement, d1: plate separations. 
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Figure 3.40 Schematic illustration of the timing of the high voltage pulses. 

Trains of identical pulses, displaced in time, are applied to the plates AP and DP (see 604H608Hfigure 3.39). 

τp: pulse length, τd: drift time between acceleration and deceleration pulse, τw: time between consecu-

tive acceleration pulses. 

33..22..44  DDeeppoossiittiioonn  OOppttiiccss  

One of the biggest challenges for us in this project is to connect the new cluster machine 

to the preexisting surface science facility. We connect the lower flange of the mass selec-

tor chamber via a below-tube-below-construction to a UHV valve VCP (see 605H609Hfigure 3.41) 

that we attach directly to the flange of the preparation chamber. Hence, VCP separates the 

preparation chamber of the surface science facility from the cluster machine. To ensure an 

unhindered guiding of the cluster beam inside this tube, we construct a movable tube tm 

and insert it in the below-tube-below construction. We use a TEFLON isolation ring to 

guide the movable tube and use the connector Utm to bias it up to 1.5 kV. We choose the 

length of the movable tube in such a way that it reaches into the exit tube et of the mass 

selector flange as well as into the tube of the deposition electrode D4. The potential of D4 

is identical to the one of the movable tube that is close to the floating voltage 
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float.U = -500 V . By changing the potential of tm or D4, we can strongly focus the cluster 

beam, because the gap between D3 and D4 represents a strong electrostatic lens (see 

606H610Hfigure 3.38). 

We present an enlarged view of D3 in 607H611Hfigure 3.42. We use this lens of the deposition optic 

to focus the cluster beam to the sample and in combination with the deflector plates Dy± 

also for bending the beam up- or downwards and left or right. Finally, the following 

deposition electrodes D2 and D1 focus the cluster beam through the small aperture at the 

end of D1 directly towards the sample. 

The LT and the heatable (SHH) sample holder themselves can be biased up to ± 800 V. 

This is important for the cluster deposition with varying kinetic energies (see 608H612H2.4.3.1, 

p. 609H613H73 ). 

We summarize working sets of parameters for all applied voltages starting with Uring, 

UIris, and Uskimmer proceeding with the voltages of A3 to A1 and the deflectors in the 

cryo chamber, and ending with all voltages of the deposition optics exemplary for differ-

ent cluster sizes detailed in section 610H614H7.3. 
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Figure 3.41 Cross sectional view of the deposition optics. 

CT1: Channeltron I, et: exit tube, Utm: high voltage connector for the movable tube, tm: movable tube, VCP: valve 

between cluster machine and preparation chamber of the SSF, D4 to D1: deposition optics, y+/y-, y-deflector 

plates, SHLT: LT-sample holder. 
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Figure 3.42 Enlarged view of the electrode D3 with deflectors y- and y+. 

Changing the potentials D3, y+, and y-, bents the cluster beam (grey filled line) in all directions as necessary. 

33..22..55  CClluusstteerr  CCuurrrreenntt  MMeeaassuurreemmeennttss  

 

As mentioned in the chapters above the measurement of the cluster current is extremely 

important for several different reasons. At first, the cluster current is directly proportional 

to the number of clusters per second. The more clusters of a specific size we measure, the 

better the resolution of the mass selector and the adjustment of the cluster beam are. A 

maximum cluster current directly measured at the sample position indicates the following: 

well adjusted cluster source parameters (He to Ar flux ratio, Iris position, target distance 

and ring-, iris and skimmer potential), optimized voltages at all lenses and deflectors, and 

suitable mass selector settings. This is in principle only characteristic for our mass selec-

tor, due to the dependence of the resolution of the specific geometric dimensions [611H615H117]. 

When we started operating the cluster machine for the first time, the very first guiding of 

the cluster beam through all parts of the machine to the sample turned out to be a big 

challenge. Therefore, an exact measurement of the cluster current is necessary. We distin-

guish between the multiplied and the direct current measurement, as we explain in the 

following section. 
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3.2.5.1 Direct Current Measurement 

All metallic parts inside the machine that are not on ground potential provide direct access 

to measure the cluster ion current. We either use the internal voltage source of a 

KEITHLEY picoamperemeter or up to three high voltage batteries (± 300 V each) to meas-

ure a floated electrode.  

The final aim during the adjustment process is always to guide the ions through all parts 

of the machine until the clusters reach one of the FARADAY cups. Because of the already 

mentioned specific geometry of our mass selector, a larger cluster ion current indicates a 

better mass resolution. Therefore, we always try to measure the maximum cluster current 

at the sample position.  

In the following, we give an exemplary detailed explanation of the cluster current adjust-

ment process: 

(1) We measure the cluster current at the skimmer (see 612H616Hfigure 3.37 or full-sized view 

in appendix 613H617H7.1, p. 614H618H193). 

(2) We optimize the He to Ar flux ratio together with a suitable source power to the 

desired cluster size (see 615H619H3.2.1, pp 616H620H80).  

(3) We adjust the target-iris distance and the potentials of the iris, the ring and the 

skimmer for maximum skimmer current. A typical skimmer current is  

Iskimmer = 100 - 200 nA. 

(4) We measure the cluster current at A1 - first electrode inside the cryo chamber 

(see 617H621Hfigure 3.37) - while tuning the skimmer potential.  

(5) We optimize the cluster current at A2, A3 and the floating voltage electrode, 

while we adjust A1, A2, and A3.  

(6) We adjust the x-y-deflectors to maximum current at the cryo tube tc (see 618H622Hfigure 

3.37). A typical cluster current at tc is in the order of several tens of nA.  
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(7) We use the so-called FARADAY Cup I (FCI) for the final optimization of the fo-

cus within the mass selection process.  

(8) We adjust the focus electrode Ef that allows us to focus almost the whole cluster 

beam through the small hole at the end of the mass selector to FCI (see 619H623Hfigure 

3.39). A typical current at the FCI is IFCI = 20 nA.  

(9) We make use of one of the Y-deflection plates (see 620H624Hfigure 3.43) mounted directly 

behind the exit aperture of the mass selector inside the exit tube et (see 621H625Hfigure 

3.39 or 622H626Hfigure 3.43) as measurement electrode after the mass selection took place. 

We take a mass spectrum by scanning the masses by changing the mass selector 

frequency and plotting the measured cluster current versus the mass. 623H627HFigure 3.48 

shows a mass spectrum taken at the upper deflector plate. 

(10) We detect the cluster current at the movable tube tm and change the voltage until 

the current is almost zero. This shows that no clusters hit the wall indicating a per-

fectly aligned and focused beam. We set the next electrode D4 usually to the same 

voltage as the movable tube to guide the whole cluster beam through this long 

tube. For extremely large / small cluster sizes, the potential of tm could differ 

from that of D4. 

(11) We adjust the electrodes D3, y+, and y-. 624H628HFigure 3.42 shows a cross sectional 

view of the electrode D3 with the form of a semi circle to the right side of the two 

y-deflector electrodes in the shape of a quarter circle. Using voltages close to the 

floating voltage at all three electrodes leaves the cluster beam almost unaffected. 

Changing the three parameters properly leads to a bending of the cluster beam in 

x-y-direction.  

(12) We optimize the following two last deposition electrodes D2 and D1 according 

to the same procedure as, for example, the electrodes A1 to A3. 

(13) We measure the cluster current directly at the sample position with a second 

FARADAY Cup (FCII). The FCII consists mainly of two hollow stainless steel cyl-
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inders electrically isolated from each other (see 625H629Hfigure 3.47). The outer box OB 

represents a FARADAY cage and we connect the inner box IB to the picoampere-

meter. The charged ions enter FCII through one of the two holes and accumulate 

inside the inner box. We are able to measure cluster currents in the order of 

0.01 pA without significant noise. We mount the whole setup on a manipulator we 

use for accurate positioning of the entrance hole with respect to the sample posi-

tion and the cluster beam. S. KRAUSE built this new setup of a FARADAY Cup 

within her diploma thesis [626H630H120] that provides a detailed description. 627H631HFigure 3.44 

depicts a mass spectrum measured directly at the sample position. 
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Figure 3.43 Enlarged view of the area behind the mass selector. 

Changing the deflector plates potentials Dtop and Dbottom bents the cluster beam (grey filled line) up-

wards into the first channeltron CT1. 
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Figure 3.44 Directly measured mass spectrum of Ag10 to Ag70. 
 

We use the small hole of FCII to determine the diameter of a cluster beam. If we do so, we 

first focus the cluster beam to the small hole. In a second step, we move FCII horizontally 

to one side until the cluster current vanishes. This is a position where the small hole is just 

beside the cluster beam. We move FCII to the other side and determine the location where 

the cluster current vanishes again. The distance between these two points is in a first 

approximation equal to the diameter of the cluster beam. 

One advantage of the new mass selector is the almost infinite range of selectable cluster 

masses. We can change the frequency f of the frequency generator to very low values, to 

select extremely large cluster sizes. A frequency of f = 23476.6 Hz, for example, leads to 

silver Ag3333±24 clusters. Decreasing the waiting time τw leads in general to a higher 

transmission and consequently to a higher cluster ion current. Nevertheless, one should 

not set τw  too short, because the slow vertical movement of large clusters should be 
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finished before the next pulse starts to displace the next cluster beam portion. Otherwise, 

one observes a double peak in the mass spectra (see 628H632Hfigure 3.45 ). 
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Figure 3.45 Directly measured mass spectrum of large cluster sizes using a too short waiting time τw. 

The second peak on the left belongs to clusters that are already pulsed downwards, although not all 

clusters of the previous cluster beam displacement have left the mass selector. 

 

629H633HFigure 3.46 shows an example of a mass spectrum of large clusters, which we measured 

with the FCII. We would like to emphasize, that the broad peak only represents the broad 

cluster size distribution, which is provided by the cluster source. Within a deposition 

experiment, we cut out a very narrow region out of this size distribution, for example, 

Ag2130±21, as we display in 630H634Hfigure 3.46.  
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Usually we measure the large cluster sizes with a complete different set of cluster ma-

chine parameters. We tabulate a detailed set of parameters for Ag2130±21 in 631H635Htable 7.23. 
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Figure 3.46 Directly measured mass spectrum of large cluster sizes. 

The broad peak represents the cluster size distribution of the cluster source. The mass selector cuts out a 

very narrow region (grey vertical lines). 
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Figure 3.47 Schematic illustration of the second FARADAY Cup FCII. 

CTII: Channeltron II, OB: Outer box of FCII, IB: Inner box FCII. 

 



3.2 CLUSTER DEPOSITION MACHINE― 3.2.5 CLUSTER CURRENT MEASUREMENTS  ― 3.2.5.2 
MULTIPLIED CURRENT MEASUREMENT 107 

 

 

1000 1100 1200 1300 1400 1500 1600

-4

-2

0

2

4

6

8

Ag+
15

Ag+
14

Ag+
13

Ag+
12

Ag+
11

cl
us

te
r c

ur
re

nt
 [p

A
] Ag+

10
 

cluster size [amu]

1000 1100 1200 1300 1400 1500 1600

-4

-2

0

2

4

6

8

Ag+
15

Ag+
14

Ag+
13

Ag+
12

Ag+
11

cl
us

te
r c

ur
re

nt
 [p

A
] Ag+

10
 

cluster size [amu]
 

Figure 3.48 Directly measured mass spectra of Ag10 to Ag15. 

Mass resolution m / Δm = 32. 

3.2.5.2 Multiplied Current Measurement 

In the case of a bad signal-to-noise ratio, we use a channeltron in addition to the FARADAY 

Cup to detect a multiplied signal. We use two channeltrons of the type 5900 Magnum 

Electron Multiplier™ of the manufacturer BURLE [124F123F124]. Operating the channeltrons at a 

voltage of –3000 V increase the current by a factor of the order of 76 10⋅ . 

We mount the first channeltron CTI directly behind the mass selector (see 632H636Hfigure 3.43) and 

the second one together with the FARADAY cup FCII at the extension rod of the manipula-

tor (see 633H637Hfigure 3.47).  
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We use CTI to measure the cluster current right after the mass selection process. In order 

to bend the cluster beam upwards into the channeltron, we modify the voltages of the 

upper (Dtop) and the lower (Dbottom) deflector plate.  

The channeltron multiplies typical cluster currents of a few pA to several tens of µA. 

634H638HFigure 3.49 shows a typical multiplied mass spectrum taken right behind the mass selector 

(see 635H639Hfigure 3.43). The grey line represents a GAUSSIAN multi peak fit for the calculation of 

the mass resolution. For details, see ref. [636H640H120].  

We operate the second channeltron in the same way. 637H641HFigure 3.50 displays a typical mass 

spectrum, measured using CTII inside the preparation chamber close to the sample posi-

tion. 
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Figure 3.49 Multiplied mass spectrum taken with the first channeltron CT1. 

Mass resolution m / Δm = 68. 
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Figure 3.50 Multiplied mass spectra measured with the second channeltron CT2.  

Mass resolution m / Δm ≈ 55. 

 

 

Table 3.4 Typical maximum cluster currents obtained for different masses as de-

tected directly at the sample position with FCII. 

 
 

CCCLLLUUUSSSTTTEEERRR   IIIOOONNN   CCCUUURRRRRREEENNNTTTSSS  

Ag13 90 pA Ag561 58 pA 

Ag40 20 pA Ag923 30 pA 

Ag55 93 pA Ag1415 12 pA 

Ag80 67 pA Ag1851 21 pA 

Ag147 92 pA Ag2129 1 pA 

Ag309 85 pA Ag3333 12 pA 

 





 

 

CChhaapptteerr  44  

SSAAMMPPLLEE  PPRREEPPAARRAATTIIOONN  

 

n the following chapter we describe the preparation methods for the cluster sample 

systems. For our experiments, we used a number of different sample substrates: a 

Au(111) and a Pb(111) single crystal, a 100 nm Au(111) film on mica, and a graphite 

substrate. 

We used buffer monolayers of different rare gases like Ar and Xenon for decoupling the 

clusters electronically and geometrically from the substrate. Especially for size-selected 

clusters, rare gas buffer layers are interesting to realize soft-landing conditions. In addi-

tion, the evaporation of one monolayer of C60 onto a substrate proved to result in a func-

tionalized surface for the deposition of size-selected clusters - even at room temperature. 

In the final preparation step, we produced clusters on the sample system in one of two 

ways: by growing metal islands after evaporating atoms or by using the cluster deposition 

machine. 

I 
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Future experiments may see other cluster, sample, or buffer layer materials. We plan to 

deposit, e.g., gold, silver, and lead clusters on rare gas layers on a silver single crystal and 

to use different cluster materials (e.g., gold, platinum, iron, or aluminum) for size-selected 

clusters deposited on different surfaces (e.g., 1 ML C60 on a silver single crystal). 

44..11  EEvvaappoorraattoorrss  

Our experiments used two different types of evaporators. For atomic evaporation of gold, 

lead, or silver (the latter we will be using in the future) we use an Evaporator with inte-

grated Flux Monitor (EFM). Instead of using one of the EFM’s we installed a simple 

thermal evaporator with a direct current heater to produce the C60 functionalized surface. 

44..11..11  EEvvaappoorraattoorr  wwiitthh  IInntteeggrraatteedd  FFlluuxx  MMoonniittoorr  

To investigate cluster rare gas substrate systems it is important to calibrate exactly the 

amount of the evaporated cluster material. The Surface Science Facility (see 638H642Hchapter 3, 

p. 639H643H75) contains two EFM’s to evaporate gold, silver, or lead. What follows is an exem-

plary description of the EFM's functionality and its calibration based on a gold EFM, 

which equally holds for the silver and lead EFM. 

The evaporator [125F124F125] allows an in situ flux measurement utilizing the flux of ionized 

atoms produced by the electron-beam heating of the tungsten crucible filled with gold 

(current emI  at a voltage of 800 V). A part of this flux is collected in the orifice of the 

evaporator ( fluxI ), and similar to the function of an ion-flux pressure gauge [126F125F126] the 

evaporation rate is then given by flux emκ I /I⋅  with κ  a constant determined by the geomet-

ric shape of the setup for a fixed material and electron acceleration voltage. We use a 

quartz-micro-balance in a separate vacuum chamber to determine useful parameters for 

the electron-beam heating and measure κ  for a new evaporant. Nevertheless, in this way 

the accuracy in calibrating κ  is limited for two reasons: differences in the geometric 
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placement of evaporator and substrate and the non-negligible influence of thermal drifts 

of the microbalance when we use small evaporation rates similar to those in the cluster 

growth experiments. 

Significantly higher rates are not recommended, since there is no guarantee of the propor-

tionality of the evaporation rate to flux emI /I , e.g., due to space charge effects for high 

electron or ion currents. For the exact calibration of κ  we therefore use homoepitaxial 

growth of gold on Au(111) in the same setup and with similar evaporation rates as for the 

gold cluster growth. For this purpose, we prepared a Au(111) surface with atomically flat 

terraces (several 2nm)100100( × large) by sputtering and heating (T = 623K  for 1h) a 

gold film on mica. To obtain monoatomic islands with a diameter of a few 10 nm, we 

used a substrate temperature of T = 273 K during the gold deposition. At this temperature, 

we can safely assume a condensation coefficient of 1 for the gold atoms on the Au(111) 

surface. In 640H644Hfigure 4.51 we show an STM image5F5F

6 after gold was evaporated for 20 s with 

emI = 29 mA  and fluxI =10 μA . With the microbalance data, this should result in roughly 

1/3 of a gold monolayer (ML). We determined the gold coverage to be 

( )0.23 0.01 ML±  from height histograms of the STM images taken on large flat ter-

races, and a resulting κ  of about ML/s33=κ . We use this value for calculating the gold 

coverage in the cluster growth experiments. 

                                                   
 
6 All STM figures within this thesis were processed with the program WSxM 4.0 Develop 8.5 © (2005) by Nanotec 

Electronica S.L. see http://www.nanotec.es/. Some functions of this program are explained in [30]. 
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Figure 4.51 STM image of gold deposited at K273=T on Au(111). The STM image shows a 

coverage of ( )0.23 0.01 ML± gold. 

(Utunelling = 1.12 V/ Itunneling = 0.098 nA ). 

44..11..22  EEvvaappoorraattoorr  wwiitthh  RReessiissttiivvee  HHeeaattiinngg  

To evaporate the C60 we used in the following experiments an Evaporator with Resistive 

Heating (ERH). 

The core of this evaporator is a crucible with resistive heating. After heating the crucible 

for 20 min., it reaches its equilibrium temperature. We measure the temperature with a 
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type-k thermocouple. To evaporate C60 we heated a poly-crystalline C60 powder manufac-

tured by the MER Corporation [127F126F127] until the evaporation took place. We used a shutter 

with an aperture to determine the position and the spot on the sample as well as the evapo-

ration length of time. To evaporate 1 ML C60 typical parameters are I = 2 A  and U = 4 V  

for approximately 5 minm which corresponds to a crucible temperature of 470° C [641H645H109]. 

Reference [642H646H109] describes further details of the ERH construction as well as a detailed 

description of the calibration process using a quartz-microbalance. 

44..11..33  SSaammppllee  SSuubbssttrraattee  PPrreeppaarraattiioonn  

To investigate clusters on surfaces, extremely clean sample surfaces are necessary. Ad-

sorbates on sample surfaces would hinder controlled experiments. In case of grown clus-

ters, adsorbates would act as nucleation centers and prevent a controlled cluster growth. In 

case of deposited clusters, STM investigations can only be successful, if one can certainly 

distinguish between clusters and adsorbates. Moreover, buffer layers like one monolayer 

C60, or a few monolayers of rare gases, would neither grow nor adsorb properly, in the 

case of a contaminated surface with adsorbates or even a thick water film. 

The preparation of the sample substrates we have used within this work is well know 

from several other thesises of our group (see [643H647H30, 644H648H36, 645H649H40, and 128F127F128]). We will summarize 

the essential preparations steps in the following sections.  

4.1.3.1 Gold Substrate 

The sample substrate mostly used in the experiments we present here is an in (111)-

direction oriented gold single crystal; we refer to as Au(111). Each deposition experiment 

uses a freshly prepared Au(111) sample which rests at most for 12 h under the same UHV 

conditions ( )12
Anap 2 10 mbar−= ⋅  established in our analysis chamber before we start the 

actual deposition. 
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We sputter the Au(111) surface with high energetic Ar ions to clean the surface from 

adsorbates and formerly deposited clusters. In a first heating cycle, we desorb water and 

molecules with a low desorption temperature from the sample surface and impurity atoms 

diffuse from inside of the sample to the surface. Sputtering the sample removes several 

monolayers from the respective sample surface. Furthermore, heating the sample heals 

and atomically flats the distorted surface again. In doing so, the diffusion of surface atoms 

leads to a recreation of the pristine surface. We have to repeat the sputtering-heating-cycle 

in case of hard contamination, e.g., by exposure to air. To prevent impurities emerging 

from deep out of the crystal at the final heating cycle, the last sample heating should take 

place at lower temperatures compared to the ones before. 

To check the degree of cleanness we use the Au(111) surface state [129F128F129], which is clearly 

visible in the UPS spectra in case of a clean surface. Moreover, we can use the 

23x 3 Au(111) surface reconstruction as indication for a bare and clean substrate [130F129F130]. 

In case of the experiments for lead clusters on Au(111) or gold clusters on Pb(111), re-

spectively (see sec. 646H650H4.1.5.1, pp 647H651H125), we sputtered the samples after the experiment at low 

temperatures (150 K) to prevent a diffusion of the cluster material into the single crystal. 

CHLADEK und BETZ observed this effect already for copper atoms on a lead surface [131F130F131]. 

Nevertheless, later experiments indicate that this routine is not necessary, because the 

sputtering removes enough surface material to remove the impurities.  

648H652HTable 4.5 summarizes the typical parameters. In general, one can apply the rule of thumb: 

the longer the time of sputtering and heating, the better the quality of the sample surface. 
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Table 4.5 Parameters for the preparation of the Au(111) surface. 

The Ar pressure during the sputtering process is always -6
Arp = 2.0 10 mbar⋅ , which results commonly 

in a corresponding sample current of sampleI 2µA≈ . (for further details of sputtering see [649H653H32]) 

4.1.3.2 Lead Substrate 

Beside the Au(111), we use as complementary sample substrate an (111)-oriented lead 

single crystal, in the following called Pb(111). The Pb(111) sample is prepared in the 

same way as described above for Au(111) with only slightly different parameters. Be-

cause of the lower melting point of lead melt ,PbT = 327.46 °C , one has to be very careful 

while heating the sample close to this temperature. 650H654HTable 4.6 summarizes the typical 

parameters. 

 

 

 

 

 

 

 

 

 

 Energy [eV] Temperature [°C] TIME [min.] 

1st sputtering 1000 eV RT 60 

1st annealing - 500 60 

2nd sputtering 1000 eV RT or (150 K) 60 

2nd annealing - 400 60 
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Table 4.6 Parameters for the preparation of the Pb(111) surface. 

The Ar pressure during the sputtering process is always -6
Arp = 2.0 10 mbar⋅ , which results commonly 

in a corresponding sample current of sampleI 4 µA≈  (for further details of sputtering see [651H655H32]). 

4.1.3.3 Graphite Substrate 

The last substrate used in these experiments is a Highly Oriented Pyrolytic Graphite 

(HOPG) of the best grade (e.g., ZYA). HOPG is a form of high purity carbon providing 

surface microscopists with a renewable and smooth surface. HOPG is non-polar and 

provides a background with only carbon in the elemental signature. This is useful for 

samples that also undergo elemental analysis. The extreme smoothness of HOPG results 

in a featureless background, except of course, at atomic levels of resolution. Graphite in 

general and HOPG in particular consist of a lamellar structure, like mica, molybdenum 

disulfide and other layered materials that are composed of stacked planes. All of these 

examples of lamellar structures have much stronger forces within the lateral planes than 

in-between, thus explaining the characteristic cleaving properties. 

The usual approach to cleave HOPG is to take a piece of tape (e.g., 3M® Scotch Brand 

tape [132F131F132]), press it onto the flat HOPG surface then pull it off, and the tape invariably 

takes with it a thin layer of HOPG. This freshly cleaved surface is what we use as sample 

substrate-material.  

 Energy [eV] Temperature [°C] TIME [min.] 

1st sputtering 1000 eV RT 40 

1st annealing - 220 60 

2nd sputtering 1000 eV RT or (150 K) 40 

2nd annealing - 200 60 
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The HOPG has a polycrystalline structure with crystals of varying sizes, typically several 

µm in size and exhibits high chemical inertness. The freshly cleaved surface consists of 

atomic steps, 0.2 - 0.3 nm, and steps of several or dozens of atomic layers. The height of a 

single step is 0.34 nm [133F132F133].  

In the following experiments a freshly tape cleaved HOPG sample is prepared under 

UHV conditions by heating the sample at a temperature of T = 600 °C for one hour to 

remove the water from the surface. For further properties of HOPG see ref. [134F133F134]. 

44..11..44  PPrreeppaarraattiioonn  ooff  BBuuffffeerr  LLaayyeerrss  aanndd  FFuunnccttiioonnaalliizzeedd  
SSuurrffaacceess  

Except for clusters deposited directly onto an HOPG substrate with high kinetic energy 

(see sec. 652H656H5.1, p.653H657H132) we used buffer layers for different reasons. In cases of large grown 

(see sec. 654H658H5.2) and large size-selected (see sec. 655H659H5.3) clusters, we used  rare gas layers to 

decouple the clusters geometrically and electronically from the substrate to produce so-

called free clusters on surfaces (see sec. 656H660H5.1, pp 657H661H132). In case of deposited size-selected 

magic silver clusters, we produced one monolayer C60 onto the Au(111) substrate. The 

C60 layer is well suited for the cluster deposition at room temperatures due to two reasons. 

On the one hand, a C60 functionalized surface turns out to be very inert, preventing the 

surface from contamination, even for long deposition times. On the other hand, one can 

easily image soft-landed clusters with the STM due to their strong bonding to the surface 

in contrast to, e.g., soft-landed clusters on HOPG (see 658H662H5.1). 

4.1.4.1 Controlled Rare Gas Layer Adsorption  

To investigate cluster / rare gas / substrate systems, as discussed in section 659H663H5.2, an exact 

measurement of the rare gas layer thickness is essential. We used an in situ control of the 

film thickness during monolayer-by-monolayer adsorption of the rare gas films by ob-

serving the 5p1/2 and 5p3/2-signal in situ with UPS, while introducing xenon into the 
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preparation chamber. One can observe the polarization induced shift between the first and 

second ML [135F134F135] and the quantum well states for larger film thicknesses [660H664H52]. 661H665HFigure 4.52 

shows the controlled rare gas adsorption process, where one can see the UPS spectra 

displayed in a color-coded plot versus the adsorption time. We established a xenon pres-

sure pXe = 1.5 · 10-7 mbar for a time t = 2450 s. The sample temperature during the ad-

sorption was Tsample ≈ 30 K. At this temperature, the diffusion of xenon on the sample 

surface is fast enough to allow a layer-by-layer growth, but the temperature is low enough 

for the adsorption of multilayers of xenon. In case of too low sample temperatures during 

xenon adsorption, we were not able to observe the characteristic UPS spectra for each 

monolayer, because a rough film was grown.  

At t = 0 the Au d-bands are visible. When xenon is introduced into the preparation cham-

ber after t = 90 s the Au d-bands vanish and the characteristic xenon 5p1/2 - peak of the 

first monolayer increases and finally decreases again. In equidistant time intervals 5p1/2-

peaks of the second, third, fourth, and fifth monolayer increase and decrease in the same 

way. One can extrapolate the adsorption time for film thicknesses larger than about five 

monolayers. In this way, we are able to produce well-defined xenon layers with known 

thicknesses by simply counting the monolayers of xenon.  
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Figure 4.52 Controlled xenon adsorption on Au(111) by using a color coded display of the UPS data. 

The Au-d band signal disappeared, while Xe was introduced into the preparation chamber with a pressure 

pXe = 1.5 · 10-7 mbar at a temperature T = 30 K. We obtained the exact xenon layer thickness from the characteris-

tic UPS spectra for the 5p1/2 signal of Xe for one to five ML xenon coverage and an extrapolation of the adsorption 

time for larger film thicknesses. In addition, the 5p3/2 signal is visible, e.g., at about -5.5 eV for 2 ML and 3 ML. 

4.1.4.2 Functionalized Surfaces for Cluster Deposition 

For the deposition of size-selected clusters (see sec. 662H666H5.4, pp 663H667H159), we choose an alterna-

tively prepared substrate. As mentioned above it turns out, that 1 ML C60 is well suited for 

the deposition of size-selected clusters at room temperature.  

We evaporated 1 ML of C60 onto the freshly prepared sample substrate by opening the 

shutter of the ERH for 5 minutes after heating up the ERH for 20 minutes. After that, we 

had to anneal the system C60 / sample substrate for about 25 minutes at approximately 
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500 K. Otherwise we would not observe large flat and perfectly ordered 1 ML high C60 

islands [136F135F136]. 664H668HFigure 4.53 shows an STM image of 1 ML C60 on a Au(111) substrate 

prepared as described above. We imaged the sample at a temperature of  TSTM = 77 K and 

found perfectly ordered C60 molecules in this (300 x 300) nm² large STM image. We also 

observe several (100 x 100) nm² up to (200 x 200) nm² islands with an identical height of 

approximately 1 nm. The pattern visible in the enlarged view of the C60 functionalized 

Au(111) surface in 665H669Hfigure 4.53 is due to two different orientations of C60 molecules with 

respect to the gold surface [137F136F137, 138F137F138]. 

 

 

Figure 4.53 STM image of 1 ML C60 on a Au(111) substrate. 

The inset shows a line profile of a C60 step edge. (Utunelling = 2 V / Itunneling = 0.03 nA). 
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Figure 4.54 Enlarged view of a C60 covered gold surface. 

The inset shows a line profile of an underlying gold step edge. (Utunelling = 2 V / Itunneling = 0.139 nA). 
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Figure 4.55 Enlarged view of a C60 covered gold surface. 

(Bottom) line profile of C60 molecules. (Utunelling = 0.1 V / Itunneling = 0.254 nA). 
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44..11..55  CClluusstteerrss  oonn  SSuurrffaacceess  

The final step in the preparation process is the cluster preparation. We distinguish be-

tween to different cluster types: grown clusters and size-selected clusters. 

4.1.5.1 Grown Clusters on Surfaces 

For the preparation of grown clusters on surfaces, we deposited lead or gold onto the 

sample. We controlled the evaporated amount of metal by an integrated flux monitor and 

a calibration measurement (see sec. 666H670H4.1.1 p. 667H671H112, also published in [668H672H75]).  

For the samples, we present in the following we used a surface temperature of T = 30 K  

when we deposited the gold or lead coverage with a rate in the order of 0.01 ML/s. For a 

detailed description of the lead evaporator calibration measurement see ref. [139F138F139]. After-

wards we performed UPS measurements at 10 K. Then we investigated the cluster mor-

phology with STM at 5 KT = . This is possible in case of clusters grown on a thin film up 

to 10 ML Xenon or after the desorption of thick rare gas layers up to 60 ML. The cluster 

size distribution of grown clusters is rather broad.  

4.1.5.2 Deposited Mass-Selected Clusters on Surfaces 

Beside grown clusters on surfaces, we are interested in mass-selected clusters on surfaces 

studied within this thesis. We constructed and optimized the new cluster deposition ma-

chine introduced in section 669H673H3.2 (p. 670H674H78) for the deposition of size-selected clusters. In 

contrast to clusters produced by metal island growth, deposited mass-selected clusters 

show extremely narrow size distributions. 

First, we optimize the cluster machine parameters to the desired cluster size. We achieve 

this by maximizing the cluster current measured with the FARADAY cup at the sample 

position (see sec. 671H675H3.2.5.1, p. 672H676H100). Afterwards, we remove the FARADAY cup and place the 

sample holder in front of the last deposition optic D1 (see 673H677Hfigure 3.41). 
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In order to estimate the deposition location on the sample we mount a laser to the mass 

selector chamber (see L in 674H678Hfigure 3.39). If we have aligned the setup accurately, the Laser 

spot is clearly visible on the sample (see 675H679Hfigure 4.57). 

We biased the sample holder, usually the LT-sample-holder, either to -800 V for the 

deposition with high kinetic energy (see 676H680H5.1, p. 677H681H132) or only to a few Volts for the so-

called soft-landing deposition. We switched on the cluster source, turned the sample into 

the cluster beam for the desired deposition time, and finally transfered the sample into the 

STM. 

678H682HFigure 4.56 shows a plot of the cluster ion current versus the sample bias voltage to ex-

emplify the dependency between deposition energy and sample bias for two different 

samples. The Ag+
309 cluster current decreases at approximately +17 V (see symbol ● in 

679H683Hfigure 4.56). For this sample bias, about 50 % of the cluster ions do not have enough 

energy to reach the FARADAY cup or the sample, respectively. For the cluster deposition 

we choose a deceleration voltage at the onset of the cluster ion current decay, in this case, 

e.g., + 10 V. Hence, a large part of the clusters gets the sample with low kinetic energy. 

Because the individual cluster machine parameters, differ usually from cluster mass to 

cluster mass and particularly from deposition to deposition, the optimal deceleration 

voltage changes in each experiment. This illustrates the second curve (symbol ▲ in 680H684Hfigure 

4.56). 

In addition to the macroscopic potential given by the bias voltage the image potential of 

clusters with a single positive charging attracts them to the surface while approaching the 

sample substrate on a microscopic scale. This kinetic energy amounts to a few eV per 

cluster. 
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Figure 4.56 Cluster ion current for Ag+

n  clusters (n=13 and 309) depending on the bias voltage of the 

sample. 

The cluster ion current decreases if the kinetic energy of the clusters is too low to reach the FARADAY cup. 
 

4.1.5.3 Estimation of the Deposition Time 

Within this section, we present an estimation of the deposition time exemplary for Ag40 

clusters. We measure approximately 5 pA cluster ion current at the sample position. This 

results in: 

Equation 4.24 
1211A 5pA 5 10C C

s s
−= ⇒ = ⋅  

 

The clusters are single charged and carry the elementary charge 191.6 10−= ⋅e C , which 

results in 
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Equation 4.25 
12

7
19

5 105pA 3.1 10 ions/s.
1.6 10

−

−

⋅
= ⋅

⋅
� C

C
 

 

We estimated the deposition spot area by using the second small hole of the FCII (see 

inset picture in 681H685Hfigure 3.47) as follows: We start outside the beam where we do not meas-

ure any cluster current. Than we move the FCII with its small hole until a very low cluster 

current is measurable. We mark the position of the FCII, continue the movement wiping 

the cluster beam until the signal completely vanished, and note again the final position. 

From this two coordinates we calculated the diameter of the cluster beam and estimated a 

deposition spot of approximately ( )232 10 m−⋅ . A suitable image size for STM measure-

ments is an area of ( ) 2 14 2100 100 nm 10 m−⋅ =  herein after referred to as standard picture 

size (SPS). We then calculate the number of deposited clusters on an SPS. 

From this, we get: 

 

Equation 4.26 ( )
14 2

7 2
23

10 m3.1 10 ions / s 7.5 10 ions / s 13s / ion
2 10 m

−
−

−
⋅ ⋅ = ⋅ ⇔

⋅
 

 

In order to reach 100 ions or clusters per SPS, we have to chose a deposition time of about 

1300 s = 20 min. 

In some other experiments, we reach cluster ion currents up to 90 pA, even for large 

masses, e.g., Ag309, which consequently leads to shorter deposition intervals. (see also 

typical maximum cluster currents in 682H686Htable 3.4) 
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Figure 4.57 Picture of the heatable sample holder SHH with an HOPG sample and laser spot. 

Tantalum foils (TF) and sample carrier (SC) can be identified in this picture. The laser indicates the 

approximate deposition area, which is set to the center of the HOPG substrate by using the coordinates of 

two edges (Y1, Z1) = (20.4 mm, 132.15 mm) and (Y2, Z2) = (14.8 mm, 137.2 mm). Hence the deposition 

position results in (x, y, z) = (22.9 mm, 20.4 mm, 137.2 mm). The angle φ of the sample is about 84° that 

is almost perpendicular to the cluster beam axis. 
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RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

n the previous chapter, we described in detail the preparation of our sample sys-

tems. We introduced three different sample substrates (gold, lead, and graphite), 

explained two different methods to produce buffer layers (rare gases and C60), and pre-

sented two procedures to place clusters onto these surfaces (metal island growth and 

deposition with the cluster machine). Hence, in this following chapter, we present the 

experimental results of our investigation of the different sample systems, and divide this 

chapter into four parts: In section 683H687H5.1, we will present and discuss first our photoemission 

studies of the so-called  free clusters on surfaces. After that, we will proceed in section 

684H688H5.2 to the results of our first experiments using the cluster deposition machine, namely the 

results of the deposition of small size-selected silver clusters. Finally, in section 685H689H5.3, we 

present our results of large size-selected silver clusters on rare gas layers and in section 

686H690H5.4 the deposition of silver clusters on a C60 functionalized gold substrate. 

I 
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55..11  PPhhoottooeemmiissssiioonn  SSttuuddiieess  ooff  FFrreeee  CClluusstteerrss  oonn  SSuurrffaacceess  

During the construction and the setup of the cluster deposition machine, we used the 

existing SSF for some first studies for clusters on rare gas layers. To preserve the elec-

tronic and geometric properties of size-selected clusters after the collision with a surface, 

we plan to use buffer layers. In the case of rare gas buffer layers, one can use them for 

soft-landing (see 687H691H2.4.3.1, pp 688H692H73) as well as for the decoupling of the clusters from the 

substrate.  

Therefore, we investigated several combinations of Au and Pb clusters, Ar and Xe films, 

and Au(111) and Pb(111) substrates. We differentiate between symmetric systems such as 

Pb clusters on rare gas on a Pb(111) substrate and asymmetric systems such as Au clusters 

on rare gas on a Pb(111) substrate. The nomenclature is as follows: cluster / rare gas / 

substrate; e.g., Pb/Xe/Pb or Au/Xe/Pb. 

55..11..11  AAssyymmmmeettrriicc  SSaammppllee  SSyysstteemmss  

In this section, we start presenting the asymmetric cluster / rare gas / substrate systems: 

• Au / 10 ML Xe / Pb, 

• Au / 60 ML Xe / Pb, and 

• Pb / 60 ML Xe / Au. 

5.1.1.1 Au Clusters / 10 ML Xe / Pb(111) 

To decouple the clusters from the surface we prepared different thicknesses of the rare gas 

layer. We started with Au clusters on 10 ML Xe on Pb(111). The FERMI-level onset of the 

gold clusters in the UPS spectra had the same energetic position as the pristine Pb(111) 

substrate as we measured before adsorption. We then transferred the cold sample into the 

analysis chamber and imaged the clusters with the STM at a temperature of 5 K. 
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689H693HFigure 5.58 and 690H694Hfigure 5.59 show STM images of the gold clusters before and after de-

sorption of the xenon. We describe the amount of gold as an effective film thickness, in 

this case 3.6 ML Au. We desorbed the Xenon by increasing the sample temperature to 

100 K for a few minutes.  

We averaged four different (50 x 50) nm2 sized STM images to determine the cluster 

density before desorbing the Xe film and obtained (206 ± 14) clusters per SPS. 

Stable imaging of larger sample areas was not possible. After the xenon desorption we 

were able to image four SPS areas with a cluster density of (204 ± 7) clusters per SPS. 

After the Xe desorption the clusters form larger aggregates, but we could still identify the 

individual clusters. In addition to the statistical errors given above, we have considered 

systematic errors for STM imaging, e.g., the changing of the tip shape and the resulting 

distortion of the cluster shape by tip-cluster convolution [691H695H60]. Due to this effect, we may 

observe separated clusters as aggregates. We estimate that this will lead to systematic 

errors of at least of 10% for the cluster density. ANTONOV et al. [692H696H62] did not observe 

significant coalescence during desorption for a rare gas film thickness below 10 ML. 

Imaging clusters with a 10 ML xenon layer before desorption indicates that the clusters 

were not completely decoupled, but had some contact to the substrate. This is consistent 

with the position of the cluster FERMI edge in the corresponding UPS spectra. The thick-

ness of a 10 ML xenon film is 2.48 nm and consequently in the same order of magnitude 

as the average height of the gold clusters, which is approx. 2 nm as we measured after the 

Xe film desorption. We assume that the clusters partly or totally immersed in the xenon 

film and established in this way the tunneling contact for imaging the clusters with STM.  
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Figure 5.58 STM images (T = 5 K) for 3.6 ML Au on 10 ML Xe on a Pb(111) substrate before Xe desorp-

tion. Approx. 206 clusters per SPS. (Utunelling = 1.3 V / Itunneling = 10 pA). 
 

 
Figure 5.59 STM images (T = 5 K) for 3.6 ML Au on 10 ML Xe on a Pb(111) substrate after Xe 

desorption. Approx. 204 clusters per SPS (Utunelling = 1.5 V / Itunneling = 20 pA) 

 (Utunneling = 1.5 V, Itunneling = 20 pA). 
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5.1.1.2 Au Clusters / 60 ML Xe / Pb(111) 

In order to completely decouple the clusters geometrically and electronically from the 

substrate we use in all of the following experiments 60 ML of xenon to ensure that even 

immersed clusters continue to have no contact to the substrate. In order to check that no 

simple static charging of the xenon film was present, we investigated a sample with a 

xenon layer up to 160 ML thickness and did not see any change in the xenon spectra. For 

static charging, one expects a clearly visible shift of the Xenon 5p1/2-peak to lower ener-

gies. 693H697HFigure 5.60 summarizes the results for the asymmetric system Au clusters on 60 ML 

Xe on Pb(111). We display - from bottom to top - UPS spectra at important steps in the 

preparation of the sample system. In the spectra of the pristine Pb(111) surface, the sharp 

FERMI edge of the lead substrate is located at the reference FERMI edge, which we set to 

0 eV. After we adsorbed 60 ML xenon, the signal of the FERMI edge vanished. Then we 

evaporated gold onto the Xenon-covered surface in four steps and took UPS spectra after 

each evaporation step (we show two in 694H698Hfigure 5.60 top). We observed a stronger growing 

FERMI edge with increasing amounts of evaporated gold, which shifts about -1.7 eV with 

respect to the reference FERMI energy. The same shift occurs for the onset of the d-band 

( -2.4 eV  -4.1 eV). The bottom of 695H699Hfigure 5.60 shows the FERMI edge region of the 

spectra after each evaporation step. We used the spectra with different coverages mainly 

to confirm that the signal of the cluster features increases with coverage. We do not dis-

cuss the differences for the different coverages, but always measure the shift for the larg-

est coverage of about 3 ML. We plan more quantitative studies for the cluster-size de-

pendent shifts with mass-selected clusters. We found a pronounced FERMI edge in the 

spectra for 3 ML Au and a clearly visible shift of -1.7 eV. This was a surprisingly large 

shift. For cluster sizes of a few nanometers, the deviations to the bulk material should be 

small. However, we can explain it as we demonstrate in 696H700Hfigure 5.61, which contains a 

schematic diagram for the FERMI edge shifts in the UPS spectra, which is in analogy to 

Photoemission of Adsorbed Xenon (PAX) (see sec. 697H701H2.2.3.1, pp 698H702H49) [699H703H49, 700H704H51]. 
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Figure 5.60 UPS spectra of Au/Xe/Pb(111). 

(Top) UPS spectra: a) pristine Pb(111) surface, b) after xenon adsorption (60 ML), e) after evaporation of 1.8 

ML Au on 60 ML xenon / Pb(111), f) with a total amount of 3 ML Au on 60 ML xenon / Pb(111) and g) after 

xenon desorption. (Bottom) FERMI edge spectra for different amounts of gold: c) 0.6 ML, d) 1.2 ML, e) 

1.8 ML, and f) 3.0 ML Au on 60 ML xenon on Pb(111). Because of ΦPb < ΦAu the FERMI edge of the Au 

clusters shifted to lower energies, compared to the FERMI energy (0 eV) of the substrate. 
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In principle, the work function Φ  is highly sensitive to changes concerning the surface. 

Therefore, it may be size dependent for small clusters. For the large cluster sizes we 

consider here, we assume that Φ  for the cluster material is approximately the same as for 

the corresponding bulk material. The left side shows sample system Au/Xe/Pb we men-

tioned above together with the Pb(111) substrate. We measure FERMI energies EF of 

Pb(111) and Au(111) that are equal to the reference FERMI energy of the apparatus. This 

is because the sample holder connects all metal substrates electrically to the apparatus 

body and therefore on earth potential, as we symbolize with the ground icon. The refer-

ence energy for the decoupled gold clusters on the Au/Xe/Pb sample is no longer the 

FERMI energy but the vacuum energy Evac(Pb) of the Pb(111) substrate. This is similar to 

the behavior of the Xenon 5p1/2 and 5p3/2 signals, which is the basis of PAX. In this way 

the existing work function difference ΔΦ between ΦAu and ΦPb, leads to a shift EΔ  of the 

cluster FERMI edge. The work function of lead is smaller than the work function of gold 

resulting in a shift of the gold-cluster FERMI edge to lower energies 0 eV< . We mention 

here that other groups discussed this change of the reference energy for decoupled clusters 

in their studies [701H705H77, 140F139F140]. But in those experiments they measured core level signals of the 

cluster material that might be affected by additional shift mechanisms, as, e.g., core level 

shifts due to the large number of surface atoms in clusters [141F140F141] or due to lattice strain 

[142F141F142]. In our experiments, we observe further evidence for the decoupling of the clusters 

from the surface by measuring UPS during controlled sample heating. We continuously 

took UPS spectra while heating the sample from 50 K to 60 K at a rate of 0.2 K / min. 

(see 702H706Hfigure 5.62). The shifted FERMI edge of Au clusters on xenon decreased constantly 

until it vanished completely. At the same time the FERMI edge of the Pb substrate and of 

clusters coupled to the substrate arise at the reference FERMI energy of 0 eV.  
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Figure 5.61 Schematic diagram for the FERMI edge shifts ΔE in our UPS spectra in analogy to Photo-

emission of Adsorbed Xenon (PAX) (see sec. 703H707H2.2.3.1, p. 704H708H49 and ref. [705H709H52]). 
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Figure 5.62 Change of the UPS spectra for Au Clusters on 60 ML Xe on Pb(111) during controlled sample 

heating. 

We heat the sample from 50 K to 60 K at a rate of 0.2 K / min.. We observe a constant decrease of the shifted 

FERMI edge of Au clusters on xenon until it vanishes completely; while the FERMI edge of the Au substrate and of 

the clusters coupled to the substrate arise at the reference FERMI energy of  0 eV. 

5.1.1.3  Pb Clusters / 60 ML Xe / Au(111) 

Next, we try to confirm the explanation of the shifts due to the work function differences 

by investigating the inverse asymmetric system Pb on 60 ML Xe on Au(111). Here, we 

expect a large positive shift EΔ  because of ΦPb < ΦAu. Indeed, 706H710Hfigure 5.63 shows the 

positive shift to higher energies we expected of about +1 eV. This is rather unusual for 

solid-state samples, because no one would expect a signal above the common FERMI 
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energy. Charging effects do not give an explanation, because positive charging due to 

electron emission would lead to a shift in the negative direction. However, we can give an 

interpretation in terms of decoupled clusters as 707H711Hfigure 5.61 schematically depicts. The 

right hand side shows the Au(111) substrate referenced to the FERMI energy EF together 

with the sample system Pb/Xe/Au. The xenon layer decouples the Pb clusters from the 

substrate. Hence, the new reference energy is the no longer the FERMI energy but the 

vacuum energy Evac(Au) of the Au(111) substrate. The work function difference 

ΔΦ = ΦPb - ΦAu leads to a shift of the lead-cluster FERMI edge to higher energies, because 

of ΦPb < ΦAu. To compare both asymmetric sample systems, 708H712Hfigure 5.64 illustrates the 

observed shifts in one diagram.  

As we discuss above, the work function difference predicts the same absolute value for 

both of the asymmetric systems. We can explain the different absolute sizes of the FERMI 

edge shifts for Au/Xe/Pb and Pb/Xe/Au by an additional effect: the cluster charging 

energy in the final state of the photoemission process (light grey arrows) [709H713H11, 710H714H56, 711H715H57, and 

143F142F143]. In both cases, the contribution of this charging energy is negative. However, in the 

case of Pb/Xe/Au the observed absolute shift is ΔΦ - EC compared to ΔΦ + EC for 

Au/Xe/Pb.  

Because of the broad cluster size distribution, one could not define the charging energy 

quantitatively, but has to consider a corresponding distribution for EC. 

This can also explain the significantly larger width of the FERMI edge for the cluster 

signal as compared to the sharp FERMI edge for the substrates.  

Due to the nanometer size of the clusters, one expects a charging energy of the order of 

0.1 eV. The measured work functions of the clean Au(111) substrate and the clean 

Pb(111) substrate we use in 712H716Hfigure 2.13 are 5.44 eV and 4.05 eV, respectively. This would 

correspond to the work function difference of 1.4 eVΔΦ ≈ . 

After we adsorbed the Xe film, the work function decreased for both substrates. The shift 

of -0,32 eV for 1 ML Xe/Au(111) [144F143F144] is only slightly smaller than the work function 
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change for the larger film thicknesses up to 160 ML as considered here (see 713H717Hfigure 2.13). 

This agrees with the observation that the work function change saturates after a few 

monolayers [145F144F145]. The work function difference changed only slightly after the Xe ad-

sorption. 

Xe / Au Xe / Pb 5.0eV 3.9eV 1.1eVΔφ = φ − φ ≈ − ≈ . 

This is smaller than the size of the ΔΦ - arrows in 714H718Hfigure 5.64. With ΔΦ = 1.1 eV one 

would only need a small charging energy for the lead clusters, but an unrealistic large 

EC ≈ 0.6 eV for the gold clusters. However, for the gold clusters we cannot exclude some 

static charging, as we will discuss below.  

55..11..22  SSyymmmmeettrriicc  SSaammppllee  SSyysstteemmss  

In case of the symmetric sample systems Pb/Xe/Pb and Au/Xe/Au, we expect no large 

work function difference 

0clusters substrateΔΦ = Φ − Φ ≈ . 

 

It is not a priori clear whether we have to take Φ  for the substrate and / or the clusters, 

with or without the Xe induced decrease, into account. In addition, we may identify the 

cluster work function with bulk surfaces of different crystalline orientations. This leads to 

some uncertainty or distribution of ΔΦ  in the order of  0.3 eV. Similar variations have 

also occurred for Φsubstrate in different experimental runs, e.g., with different preparation 

procedures. However, this does not change significantly the cluster-induced shifts as 

715H719Hfigure 5.65 shows (top). We did not detect a large shift of the FERMI edge of the Pb clus-

ters on xenon on lead (system Pb/Xe/Pb). An explanation of the small negative shift of 

about -0.2 eV could be the charging energy EC. Nevertheless, there is also some signal 

also above EF = 0 eV which one cannot explain by EC but may be due to contributions 

with 0ΔΦ < . 
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Figure 5.63 UPS spectra for Pb/Xe/Au(111). 

(Top) UPS spectra: a) pristine Au(111) surface, b) after xenon adsorption (60 ML), e) after  evaporation 

of 1.5 ML Pb on 60 ML xenon / Au(111), g) with a total amount of 2.5 ML Pb on 60 ML xenon / 

Au(111), and h) after xenon desorption. The box-shaped structure from about -0.5 eV to 0 eV for samples 

a) and h) is due to the angle-integrated signal of the Shockley surface state on Au(111). The fact that it is 

still visible for sample h) after the Xe desorption shows that the sample stayed rather clean during all the 

preparation steps.(Bottom) FERMI edge spectra for different amounts of lead: c) 0.5 ML, d) 1.0 ML, e) 

1.5 ML, f) 2.0 ML, and g) 2.5 ML Pb on 60 ML xenon on Au(111). Because of ΦAu > ΦPb the FERMI edge 

of Pb clusters shifts to higher energies compared to the FERMI energy (0 eV) of the substrate.  
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The behavior of the other symmetric sample system Au/Xe/Au is different. The UPS 

results (see 716H720Hfigure 5.65 bottom) show a large FERMI edge shift of 1.4 eV though there 

should be no significant work function difference between cluster material and the sub-

strate. In order to check for potentially static charging of the sample in this experimental 

run, we investigated first 160 ML Xe/Au(111). In the UPS spectra, we observe no shift of 

the Xe 5p1/2-peak and take this as an indication that no static charging of the clean Xe film 

occurs up to this thickness as we mentioned above. 

 

 

Figure 5.64 Shift of the FERMI edge due to the work function difference ΔΦ (dark grey arrows) be-

tween Au and Pb.  

The cluster charging energy (light grey arrows) explain the difference between the shifts for Au/Xe/Pb and 

Pb/Xe/Au. A broad cluster size distribution prohibits an exactly defined EC. We discuss the modified inter-

pretation with ΔΦ = 1.1 eV, as given by the measured work function difference for the two substrates, the 

smaller charging energy in the case of Pb/Xe/Au and some static charging for the Au/Xe/Pb sample in the 

text above. 
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However, we do see a significant shift of the 5p1/2-peak when we evaporated Au onto this 

surface. The shift becomes already visible at a gold coverage of 0.3 ML – with about 

0.5 eV - and increases with the gold coverage. We then covered the sample with addi-

tional layers of Xe after the Au deposition, resulting in even larger shifts that can amount 

to several eV. We observe in this case some variation with time and the intensity of the 

UV light, a behavior typical for static sample charging.  

We can explain these results by assuming the Xe film to have some residual conductivity 

preventing the growth of static charges, even for large film thicknesses. At least partially, 

it may be due to photoconductivity induced by the He-discharge lamp [146F145F146]. In contrast, 

we observe strong static charging in case of a bare Ar film with a thickness of 60 ML 

starting at film thicknesses above 10 ML. This is possibly connected to the larger gap for 

Ar (14.15 eV) as compared to Xe (9.3 eV) [717H721H146]. Differences for the charge transport in 

films of the different rare gases were studied in the past, e.g., with photoelectron spectros-

copy [147F146F147]. However, a gold coverage seems to reduce the conductivity of the Xe film, so 

that we cannot exclude some static charging in this case. We mention here that, in contrast 

to the samples with Pb clusters, we also observe the aforementioned shift of the Xe 

5p1/2-peak for the Au/Xe/Au and Au/Xe/Pb samples with a 60 ML xenon film. So far, we 

have to assume that the large shift with respect to Au/Xe/Pb may partly be due to static 

charging as well, prohibiting a quantitative interpretation of results in view of work func-

tion changes, and charging energies. 
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Figure 5.65 Symmetric samples systems Pb/Xe/Pb(111) and Au/Xe/Au(111). 

(Top): FERMI edges for different amounts of lead on 60 ML xenon on Pb(111). The cluster charging energy EC 

explains the small shift because of ΔΦ ≈ 0. (Bottom) FERMI edges for different amounts of gold on 60 ML 

xenon / Au(111): a) 0.7 ML,  b) 1.0 ML,  c) 1.4 ML,  d) 1.7 ML e) 2.1 ML, and f) 2.4 ML. Static charging 

explains, at least partially the large shift (see text for details). 
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Nevertheless, this does not alter our qualitative interpretation that static charges cannot 

cause, e.g., the positive shift in case of the Pb/Xe/Au sample. We expect to conduct a 

quantitative analysis in future experiments with mass-selected clusters with better-defined 

charging energies. 

55..22  SSTTMM  SSttuuddiieess  ooff  SSmmaallll  SSiizzee--sseelleecctteedd  CClluusstteerrss  oonn  
HHOOPPGG  

For several, mostly experimental, reasons we chose Ag clusters on an HOPG substrate to 

become the starting point for our deposition experiments of mass-selected clusters. At 

first, the properties of HOPG we describe in section 718H722H4.1.3.3 (p. 719H723H118) promised to be a well 

suitable and particularly easy to handle sample substrate. Furthermore, the deposition of 

mass-selected Ag clusters with varying kinetic energy onto HOPG is well known from 

literature, which gives us the opportunity to test the performance of our cluster machine 

and compare the new results with former results of CARROLL et al. [720H724H104]. 

55..22..11  EExxppeerriimmeennttaall  RReessuullttss  

We deposited the cluster sizes Ag40, Ag55, and Ag80 at room temperature (RT) onto the 

freshly prepared HOPG sample (see sec. 721H725H4.1.3.3, p. 722H726H118) with a rather high kinetic energy 

of about   800 eV and investigated them at 77 K with the STM.  

5.2.1.1 Ag40 / HOPG 

First, we optimized the cluster machine, in order to deposit the mass of Ag40 (4126 amu). 

We measured a cluster ion current of about 6.3 pA. Therefore, a deposition time of 

tD = 20 min is suitable to produce approximately 100 clusters per SPS (see calculation of 

clusters per area in section 723H727H4.1.5.3, pp 724H728H127). A sample bias of – 800 V resulted in 20 eV 

kinetic energy per atom. After the deposition interval, we investigated the sample at 77 K 

with the STM and measured the cluster ion current again with the FARADAY Cup. The 
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slightly lower current of about 2.8 pA could be due to some instability of the voltage 

sources and consequently small changes of the cluster beam focus. 

725H729HTable 5.7 summarizes the relevant deposition parameters. The whole parameter set 

appears in the appendix (see 726H730Htable 7.16, appendix 727H731H7.3.1, p. 728H732H199). 
 

 

Table 5.7 Deposition parameters for the sample system Ag40 on HOPG. 

 

729H733HFigure 5.66 shows an STM image of the Ag40 on HOPG sample. We observe several 

objects with heights between 0.9 nm and 2.0 nm and an average height of  1.33 nm. Com-

pared to the heights we calculated using the truncated sphere model [730H734H30], we estimate 

cluster heights in the order of 0.8 nm (for a detailed calculation see section 731H735H2.4.1, pp 732H736H60). 

With the STM, we observed cluster heights significantly higher than calculated. Due to the 

broad height distribution and the unexpected low cluster density, we can explain this with a 

coalescence of the clusters during or after the deposition. 

Because of the stable imaging of the clusters on HOPG, we assume a pinning of the clus-

ters to the surface, due to the high kinetic energy. In fact, defects became visible after the 

displacements of clusters by the STM tip (see 733H737Hfigure 5.67). 

 

333RRR DDD      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG444000   CCCLLLUUUSSSTTTEEERRRSSS   ///    HHHOOOPPPGGG   

Deposition time tD [min.] 20 Power Psource [watt] 5 

Sample bias Usample [V] - 800  Temperature Tsample [°C] RT 

Frequency f [Hz] 223569.70 Waiting time tw [µs] 2 

Mass m [amu] 4126 Cluster current Ibd (before 
deposition) [pA] 6.3 

Flux Φ Ar / He 
[sccm/sccm] 

80 / 200 Cluster current Iad (after 
deposition) [nA] 2.8 
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Figure 5.66 STM image of Ag40 clusters deposited onto an HOPG substrate. 

(Utunelling = 1.5 V / Itunneling = 0.01 nA). 
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Figure 5.67 Defects became visible after the displacement of the Ag40 clusters by the STM tip. 

(Utunelling = 1.5 V / Itunneling = 0.01 nA). 
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Because we never found clusters beyond a radius of 0.5 mm around the center of the 

deposition spot, we estimate the diameter of the cluster beam spot to approximately 

1 mm. This fits the estimated cluster-beam-spot size we measured using the small hole of 

the FARADAY Cup (see sec. 734H738H3.2.5.1, p. 735H739H100).  

5.2.1.2 Ag55 / HOPG 

Analogous to the experiment mentioned in the previous section, we deposited the Ag55 

clusters onto the HOPG substrate. The most relevant deposition parameters summarizes 

736H740Htable 5.8. In this experiment, we measured a cluster ion current of about 5.48 pA before 

and 2.6 pA after the deposition. We deposited a similar amount of Ag55 clusters, therefore 

we chose again a deposition time of  20 min.  

737H741HFigure 5.68 represents a typical STM image of the Ag55 / HOPG sample. We see no 

single clusters on step edge free areas, because the clusters aggregate either to larger 

islands of partially coalesced Ag55 clusters (see 738H742Hfigure 5.68), or adhere partially coalesced 

at step edges. We estimate cluster heights for Ag55 clusters in the order of  0.9 nm accord-

ing to 739H743Hequation 2.20: 

55 55
3 1.152 0.93= =ts

Ag Agh V nm . 

The cluster heights we determined experimentally are approximately in the same order of 

magnitude, i.e. between 0.6 nm and 1.0 nm high. Some clusters seem to be coalesced to 

larger objects. We could identify clusters, which we measure even smaller than the calcu-

lated cluster height for a single Ag55 cluster, with cluster fragments. 

The height of the aggregated clusters we observed on step edge free areas (see 740H744Hfigure 

5.69) showed heights between 1.7 and 3.4 nm. This is a significantly larger height than 

the heights of clusters at step edges (see 741H745Hfigure 5.68) and must be due to a stronger coales-

cence. 

The kinetic energy of 14.5 eV per atom is probably not high enough to pin the clusters to 

the surface. These results are qualitatively consistent with the findings of  PALMER’S 
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group in ref. [742H746H104], where they find out a pinning threshold at a kinetic energy of 10 eV 

per atom.  

 

Table 5.8 Deposition parameters for the sample system Ag55 on HOPG. 
 

444TTT HHH      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG555555   CCCLLLUUUSSSTTTEEERRRSSS   ///    HHHOOOPPPGGG  

Deposition time tD [min.] 20 Power Psource [watt] 5 

Sample bias Usample [V] - 800  Temperature Tsample [°C] RT 

Frequency f [Hz] 186267 Waiting time tw [µs] 3 

Mass m [amu] 5948 Cluster current Ibd (before 
deposition) [pA] 5.48 

Flux Φ Ar / He 
[sccm/sccm] 

80 / 200 Cluster current Iad (after 
deposition) [nA] 2.6 
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Figure 5.68 STM image of Ag55 clusters deposited onto an HOPG substrate. 

(Utunelling = 1.8 V / Itunneling = 0.01 nA). 
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Figure 5.69 STM image of Ag55 clusters deposited onto an HOPG substrate.  

(Bottom) Line profile of some clusters (a) = 2.77 nm, (b) = 2.29 nm. (Utunelling = 1.8 V / Itunneling = 0.01 

nA). 
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5.2.1.3 Ag80 / HOPG 

For the last experiment within this deposition series we chose Ag80 clusters. An overview 

of the deposition parameters displays 743H747Htable 5.9. In this case, we found almost all clusters 

coalesced at the step edges of the HOPG substrate. We imaged several sample areas 

similar to the one we depict exemplarily in 744H748Hfigure 5.70. The geometrically calculated 

height for Ag80 clusters is  

 

80
80

3 1.061.152
Ag

Ag
V

h nm= = . 

 

The measured cluster height, lies between 2 nm and 3.5 nm, which are significantly 

higher than the calculated. 

 

 

Table 5.9 Deposition parameters for the sample system Ag80 on HOPG. 
 
 

555TTT HHH      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG888000   CCCLLLUUUSSSTTTEEERRRSSS   ///    HHHOOOPPPGGG   

Deposition time tD [min.] 20 Power Psource [watt] 5 

Sample bias Usample [V] - 800  Temperature Tsample [°C] RT 

Frequency f [Hz] 154585.10 Waiting time tw [µs] 3 

Mass m [amu] 8649 Cluster current Ibd (before 
deposition) [pA] 3.4 

Flux Φ Ar / He 
[sccm/sccm] 

80 / 200 Cluster current Iad (after 
deposition) [nA] 2.9 
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Figure 5.70 STM image of Ag80 clusters deposited onto an HOPG substrate. 

(Bottom) Line profiles. (a) = 2.4 nm, (b) = 2.5 nm, (c) = 2.4 nm, (d) 2.2 nm, and e =2.1 nm. (Utunelling = 1.4 V / 

Itunneling = 0.01). 
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55..22..22  DDiissccuussssiioonn    

These first deposition experiments represent a successful performance test of the setup of 

the cluster deposition machine. We imaged Ag40 clusters on HOPG, which we observed 

pinned to the surface. In this case, the clusters produced defects due to the high kinetic 

energy of about 20 eV per atom and stick to their defects. We were able to visualize these 

defects by displacing the Ag40 clusters by the STM tip. The second (Ag55) and the third 

(Ag80) sample show neither pinned clusters nor defects. We gather from this observation, 

that already the kinetic energy of Ag55 with 14.5 eV is not high enough for the cluster 

pinning. With this, we can verify the threshold behavior for pinning from ref. [745H749H104]. 

The coalesced Ag55 and Ag80 clusters we observed mainly at step edges speak for a high 

diffusion rate of the clusters on the surface. The experimentally determined cluster heights 

presented a curious role of the Ag55 clusters: 

 

55 40 80
h h < h<Ag Ag Ag  

 

Furthermore, only for Ag55 clusters we observed some areas where their height remains 

almost constant (see 746H750Hfigure 5.69). This may indicate the formation of islands of aggre-

gated clusters due to the closed shell geometric structure of Ag55, which exhibit, like other 

magic cluster sizes (see sec. 747H751H2.4.2.2, pp 748H752H66) a very high stability (see also, e.g., [148F147F148]). Of 

course, with these results we can only give one possible interpretation, which we have to 

confirm in future with additional experiments.  

Moreover, the position of the Ag80 clusters with respect to the step edge is interesting. As 

we discussed in section 749H753H2.3.1 (pp 750H754H56) grown clusters prefer a position overlapping the step 

edge (see 751H755Hfigure 2.17 (c) and ref. [752H756H30] published within [753H757H55]). Nevertheless, the Ag80 

clusters lay exclusively below the step edge, which is clearly visible in 754H758Hfigure 5.70, espe-

cially in the three dimensional view in the top left corner. This is a further evidence for 

the high mobility of the clusters on the HOPG surface and the deposition of size selected 

clusters, because only multiple step edges with a height in the order of the cluster height 
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act as nucleation center. In contrast to single atoms evaporated onto a substrate to produce 

clusters by metal island growth, the EHRLICH-SCHWÖBEL barrier [149F148F149, 150F149F150, 151F150F151, 152F151F152, and 

153F152F153] does not stop the movement of Ag80 clusters, in contrast to, e.g., Ag55 clusters (see 

755H759Hfigure 5.68) or grown clusters in nanopits (see sec. 756H760H2.3.1, pp 757H761H56) which nucleate on both 

sides of the step edge. According to this observation, we imaged four areas with SPS with 

single and double step edges without any clusters. 

55..33  SSppeeccttrroossccooppyy  ooff  LLaarrggee  SSiizzee--SSeelleecctteedd  CClluusstteerrss  oonn  XXee  
oonn  HHOOPPGG  

After the deposition of mass-selected clusters became possible (see sec. above), we ex-

tended our studies of clusters produced by metal island growth to the study of size-

selected clusters. In the following sections, we present first results of UPS measurements, 

which we will use in future to determine the charging energy quantitatively. 

55..33..11  EExxppeerriimmeennttaall  RReessuullttss  

In contrast to the cluster / rare gas / substrate systems, we presented in section 

758H762H4.1.5.1 (pp 759H763H125) we now focus on size-selected cluster experiments. As a sample, we used 

an HOPG substrate freshly prepared under UHV conditions as we described in section 

760H764H4.1.3.3 (pp 761H765H118). We use HOPG instead of a metal substrate, due to the formerly planed 

UPS measurements after the rare gas desorption. In this case, we would have preferred 

HOPG, due to its structure-less UPS spectrum.  

We cooled the sample holder down to a temperature of Tsample = 30 K. To determine the 

reference FERMI energy of the apparatus, we measured the sharp FERMI edge of the tanta-

lum foil as we depict in 762H766Hfigure 5.71 (a), which we used to attach the HOPG sample to the 

sample carrier (see 763H767Hfigure 4.57, p.764H768H129). Afterwards, we adsorbed approximately 10 ML 

Xe onto this sample using the controlled rare gas adsorption we explain in section 765H769H4.1.4.1 
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(pp 766H770H119). We could not adsorb more than 10 ML Xe due to the weak thermal coupling of 

the HOPG to the sample holder, and consequently Tsample > 30 K. As we display in 767H771Hfigure 

5.71 (b) the bare xenon film shows as usual no structures at the FERMI edge. Finally, we 

deposited silver clusters of the size Ag2130±21 onto the xenon covered HOPG substrate 

with the parameters collected in 768H772Htable 5.10. After that, we observed a slightly shifted, 

rounded silver cluster FERMI edge, which shows 769H773Hfigure 5.71(c). We  discuss this result in 

the next section. 

 

 

Table 5.10 Deposition parameters for the sample system Ag2130±21 on 10 ML Xe on Au (111). 

The entire parameter set is displayed in 770H774Htable 7.23 (sec. 771H775H7.3.8, p. 772H776H206)´. 

 

999TTT HHH      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG222111333000       ±±±    222111   CCCLLLUUUSSSTTTEEERRRSSS   ///    111000   MMMLLL   XXXEEE   ///    HHHOOOPPPGGG   

Deposition time tD [min.] 30 Power Psource [watt] 5 

Sample bias Usample [V] -50  Temperature Tsample [K] 30  

Frequency f [Hz] 30092.9 Waiting time tw [µs] 16.62 

Mass m [amu] 230000 Cluster current Ibd (before 
deposition) [pA] 0.98 

Flux Φ Ar / He 
[sccm/sccm] 

85.8 / 136 Cluster current Iad (after 
deposition) [nA] 0.88 
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Figure 5.71 UPS spectra of Ag2130±21 clusters on 10 ML Xe on HOPG. 

(a) UPS spectra of the tantalum foil, where the sharp FERMI edge is the reference FERMI energy and set to 

0 eV. (b) UPS spectra of 10 ML Xe on HOPG. (c) Cluster FERMI edge signal of the Ag2130±21 on 10 ML 

Xe on HOPG. 

55..33..22  DDiissccuussssiioonn  

The slightly shifted and rounded cluster FERMI edge we observe in the UPS spectra of 

Ag2130±21 clusters on 10 ML Xe on HOPG are already well known from former experi-

ments with clusters produced by metal island growth (see sec. 773H777H5.1.1.1, pp 774H778H132). We also 

observed rounded FERMI edges for clusters, which are not completely decoupled, but still 

have some contact to the surface. Therefore, we also assume here that the clusters im-

mersed completely or partially in the xenon film. One can calculate the cluster height out 
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of the volume VS of a simple sphere, by assuming an fcc-closed-packing of the silver 

atoms within this sphere with 775H779Hequation 2.21. The cluster height is approxi-

mately 2130h 4.1nm=Ag  and consequently in the same order of magnitude compared to 

the thickness of a 10 ML xenon film, which is 2.48 nm. Although we deposited the clus-

ters rather softly, with a kinetic energy of 0.02 eV per atom, most of the clusters im-

mersed in the Xenon film instead of staying on top of it.  

Because of the rather long deposition time of 30 min., chances for the contamination of 

the Xenon film during the deposition are likely. The degree of contamination also prohib-

its a reasonable measurement after desorption. We were able to decrease the deposition 

time for large clusters in more recent experiments up to a factor of  60 (see sec. 776H780H3.2.5, 

777H781Htable 3.4, p. 778H782H109). Therefore, in future we will be able to deposit large size-selected clus-

ters on rare gases at optimized conditions. 

55..44  GGeeoommeettrriicc  MMaaggiicc  SSiillvveerr  CClluusstteerrss  oonn  CC6600  oonn  GGoolldd  

In this section, we present results of deposited size-selected clusters. We restrict ourselves 

to investigate exclusively geometric magic silver clusters (see 779H783H2.4.2.2, p. 780H784H66). 

We learned from the results in the previous sections, that depositing on HOPG would not 

work for cluster sizes larger than Ag55 due to the maximum bias voltage of the sample 

holder of ± 800 V. Furthermore, the deposition of large clusters onto a cold substrate 

requires an extremely short deposition time and / or very clean UHV conditions. 

WERTHEIM and BUCHANAN found, that Ag deposited on a C60 monolayer causes the C60 to 

be retained on the surface at temperatures where the C60 alone would desorb. This pro-

vides the first indication of a chemical interaction between theses two materials [154F153F154]. 

They conclude that metallic Ag donates electrons into the LUMO of adsorbed C60 mole-

cules, resulting in a metallic conduction band. This reaction is restricted to those C60 

molecules in direct contact with the metal substrate. Last, we supposed that the corruga-

tion with a lateral periodicity of about 1 nm of the C60 molecules (see 781H785Hfigure 4.55) is 



   160  CHAPTER 5  RESULTS AND DISCUSSION 

 

geometrically more suited for at least small clusters than HOPG. Therefore, we use in the 

following a C60 functionalized Au(111) surface. 

55..44..11  EExxppeerriimmeennttaall  RReessuullttss  

The sample substrate we use within these experiments is a freshly prepared Au (111) 

crystal as we describe in section 782H786H4.1.3.1. After the evaporation and annealing of 1 ML C60, 

we deposit the geometric magic cluster sizes Agn (n = 55, 147, 309, 561 and 923) and 

investigate the samples with STM. We present these results in the following sections and 

discuss our observations afterwards in section 783H787H5.4.2. 

5.4.1.1 Ag55 / 1 ML C60 / Au(111) 

We deposit the Ag55 clusters at approximately RT for a time dt  = 10 min , with a cluster 

ion current of bdI  = 67 nA (see 784H788Htable 5.11).  

Afterwards in the STM images, we observed clusters with an extremely narrow height 

distribution (see 785H789Hfigure 5.72 and 786H790Hfigure 5.73) of ( )1.7 ± 0.2  nm . This average height 

slightly differs from the estimated cluster height for Ag55 clusters of  55 1.2≈Agh nm .  

For this sample, we imaged several SPS areas at different macroscopic positions within 

the deposition spot. 787H791HFigure 5.74 illustrates four STM images taken at different positions. 

We schematically depict the sample carrier SC with the mounted Au(111) crystal. The 

deposition Spot (Dep. Spot) was in this experimental run not centric with respect to the 

single crystal. We depict the estimated deposition spot area (see sec. 788H792H4.1.5.3, pp 789H793H127) as 

light grey filled circle in the upper left corner. We took at each black point several STM 

images and marked the location with coordinates in arbitrary units. We could roughly 

translate the resulting dimensions into millimeters due to the well-known crystal diameter 

of 10 mm. We distinguish between different STM images by naming the measurement 

numbers m. Measurement m59 represents the outer diffuse border of the deposition area 
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and exhibits only a small number of clusters. The same holds for measurement m41, 

where the cluster density is marginally higher. A significantly higher cluster density we 

observed always in the center of the deposition spot, which we exemplarily depict with 

the measurements m39 and m63. We estimated for this area a cluster density of approxi-

mately (15 ± 2) clusters per SPS. In 790H794Hfigure 5.75 we present line profiles of some randomly 

chosen clusters of the measurements m59 (low cluster density), m41 (higher cluster den-

sity), and m39 (highest cluster density). 

As we already mentioned in section in 791H795H2.4.1 (pp 792H796H60) the measured cluster height slightly 

depends on the used tunneling voltage. For this reason we used different tunneling volt-

ages between -0.5 V and + 1 V and observed a tunneling voltage dependent variation of 

the cluster heights of 0.1 nm. Moreover, we plotted two height histograms for clusters 

taken at Utunelling = 0.74 V and for clusters taken at Utunelling = 0.5 V and did not observe a 

significant change in the height histograms [793H797H109].  

Before we discuss and interpret these results in section 794H798H5.4.2, we present further magic 

clusters sizes in the next sections. 

 

 

Table 5.11 Deposition parameters for the sample system Ag55 on 1 ML C60 on Au (111). 
 

111333TTT HHH      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG555555   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 10 Power Psource [watt] 14 

Sample bias Usample [V] - 5 Temperature Tsample [°C] 45 

Frequency f [Hz] 185924.4 Waiting time tw [µs] 27 

Mass m [amu] 5980 Cluster current Ibd (before 
deposition) [pA] 67 

Flux Φ Ar / He 
[sccm/sccm] 

383 / 100 Cluster current Iad (after 
deposition) [nA] N / A 
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Figure 5.72 Ag55 deposited onto 1 ML C60 on Au(111) substrate. 

(Utunelling = 0.49 V / Itunneling = 0.42 nA). 
 



5.4 GEOMETRIC MAGIC SILVER CLUSTERS ON C60 ON GOLD― 5.4.1 EXPERIMENTAL RESULTS 163 
 

 

 

 

Figure 5.73 Height distribution of Ag55 deposited onto 1 ML C60 on Au (111) substrate. 
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Figure 5.74 Four different macroscopic locations within the deposition spot of Ag55 clusters on 

1 ML C60 on Au(111) imaged with STM. 

SC: sample carrier, Dep. Spot: deposition spot, Au(111): schematic depiction of the gold single crystal, 

m63, m39, m41, and m59: Denotation of different measurements. The coordinates in brackets are given in 

arbitrary units. Typical line profiles of some clusters are shown in 795H799Hfigure 5.75. 
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Figure 5.75 Three randomly chosen areas (top)  and line profiles (bottom) of clusters of three 

different STM images of Ag55 clusters on 1 ML C60 on Au(111). 
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5.4.1.2 Ag147 / 1 ML C60 / Au(111) 

Ag147  represents the next magic cluster size, exhibiting three closed shells (see 796H800Hfigure 

2.24, pp 797H801H68). We deposit the Ag147 clusters again at RT for a time Dt  = 5 min , with a 

cluster ion current of bdI  = 92 nA before and adI  = 74 nA after the deposition. We sum-

marize the main deposition parameters in 798H802Htable 5.12. 

With the STM we again imaged clusters with a similar narrow height distribution com-

pared to the ones for Ag55 clusters (see 799H803Hfigure 5.76). 800H804HFigure 5.77 shows the height distri-

bution of the Ag147 clusters with an average cluster height of ( )1.7 ± 0.3  nm . This height 

distribution is broader compared to the one of the Ag55 clusters due to less quality of the 

C60 film in this experimental run, which results in a broadening of the height distribution. 

Moreover, a tip change during the STM investigations became necessary. 

Nevertheless, the average height of 1.7 nm is quite remarkable, because one would expect 

at least a moderate increase of the cluster height due to one further closed shell.  

 

 

Table 5.12 Deposition parameters for the sample system Ag147 on 1 ML C60 on Au (111). 

 

111888TTT HHH      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG111444777   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 5 Power Psource [Watt] 9 

Sample bias Usample [V] - 26 Temperature Tsample [°C] RT 

Frequency f [Hz] 113962.3 Waiting time tw [µs] 24 

Mass m [amu] 15915 Cluster current (before deposi-
tion) [pA] 92 

Flux Φ Ar / He 
[sccm/sccm] 

509 / 100 Cluster current (after deposi-
tion) [nA] 74 
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Figure 5.76 Ag147 clusters on 1 ML C60 on Au (111).  

(Top) typical STM image of two Ag147 clusters. (Bottom) Line profile of the clusters (a) and (b) with 

measured heights h(a) = 1.79 nm, and h(b) = 1.76 nm. (Utunelling = 0.71 V / Itunneling = 0.079 nA). 
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Figure 5.77 Height distribution of Ag147 clusters on 1 ML C60 on Au (111). 

 

5.4.1.3 Ag309 / 1 ML C60 / Au(111) 

The third magic cluster size we wanted to study is the Ag309 cluster. The appropriate 

MACKAY icosahedron exhibits four closed shells (see 801H805Hfigure 2.24, pp 802H806H68). In this experi-

ment, we used a deposition time of Dt  = 5 min. , and measured a cluster ion current of 

bdI  = 60 nA before and adI  = 60 nA after the deposition. Once more, we sum up the 

essential deposition parameters in 803H807Htable 5.13. 
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We imaged clusters, which show again an extremely narrow size distribution (see 804H808Hfigure 

5.78). The height distribution in 805H809Hfigure 5.79 shows an average height of ( )1.7 ± 0.3  nm , 

still without growing in height. 

Later on, we repeated this experiment using a different sample bias voltage for the cluster 

deposition of about Ubias = +10 V and observe the same average cluster height (see 806H810Hfigure 

5.86 in sec. 807H811H5.4.2). We will discuss this sample in the next section. 

 

 

Table 5.13 Deposition parameters for the sample system Ag309 on 1 ML C60 on Au (111). 

 

111999TTT HHH      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG333000999   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 7 Power Psource [watt] 9 

Sample bias Usample [V] - 50 Temperature Tsample [°C] 53 

Frequency f [Hz] 78650.13 Waiting time tw [µs] 51 

Mass m [amu] 33412 Cluster current (before deposi-
tion) [pA] 70 

Flux Φ Ar / He 
[sccm/sccm] 

435 / 100 Cluster current (after deposi-
tion) [nA] 70 
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Figure 5.78 Ag309 clusters on 1 ML C60 on Au (111). 

(Top) typical STM image of five Ag309 clusters on a C60 island (Utunelling = 2.0 V / Itunneling = 0.035 nA). 

(Bottom) Line profiles of the clusters (a) – (e) with equal heights of about 1.7 nm. 
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Figure 5.79 Extremely narrow height distribution of Ag309 clusters on 1 ML C60 on Au (111). 

 

5.4.1.4 Ag561 / 1 ML C60 / Au(111) 

Since the cluster height seemed to be independent of the number of atoms or shells, re-

spectively, we continued our studies, and proceeded to the next larger magic silver clus-

ter, which is Ag561. We expect, because of the calculated cluster height for Ag561, cluster 

heights of about 561Agh 2.6 nm≈ . We deposited the clusters using the deposition parame-

ters arranged in 808H812HTable 5.14. In the line profile in 809H813Hfigure 5.80, we observe a slightly broader 

height distribution of some larger clusters. After we analyzed 406 individual clusters, the 

height histogram exhibits two maxima (see 810H814Hfigure 5.81) – one maximum again for clusters 

with 1.76 nm height. 
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Table 5.14 Deposition parameters for the sample system Ag561 on 1 ML C60 on Au (111). 

 

222333TTT HHH      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG555666111   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 15 Power Psource [Watt] 9 

Sample bias Usample [V] + 10 V Temperature Tsample [°C] RT 

Frequency f [Hz] 58387.2 Waiting time tw [µs] 9 µs 

Mass m [amu] 60628 Cluster current (before deposi-
tion) [pA] 60 pA 

Flux Φ Ar / He 
[sccm/sccm] 

413 / 80.8 Cluster current (after deposi-
tion) [nA] N / A 
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Figure 5.80 Ag561 clusters deposited onto 1 ML C60 on a Au (111) substrate.  

(Top) typical STM image of several clusters on large C60 islands. (Bottom) Line profiles of these clusters 

showing slightly different heights (Utunelling = 2.0 V / Itunneling = 0.02 nA). 
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Figure 5.81 Height distribution of Ag561 clusters on 1 ML C60 on Au (111). 

One observes two maxima for the cluster heights (1.75 nm and 2.5 nm). 

5.4.1.5  Ag923 / 1 ML C60 / Au(111) 

As final cluster size in this deposition series, we deposited Ag923 clusters onto the C60 

functionalized surface. 811H815HTable 5.15 contains the deposition parameters and 812H816Hfigure 5.82 

represents a typical STM image of the deposited clusters. The line profile of different 

clusters shows cluster heights between 2.7 nm and 3.2 nm. The estimated cluster height 

from 813H817Hequation 2.21 is 923Agh = 3.11 nm (see 814H818Htable 2.3, p. 815H819H62). The height distribution we 

depict in 816H820Hfigure 5.83 only shows one height distribution of larger cluster sizes. This 

probably comes from bad tip conditions in this experimental run. We also observed sev-

eral small clusters, which we could not measure accurately due to a multiple tip. We 

illustrate this exemplarily for one STM image, which we show in 817H821Hfigure 5.84. The upper 
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most line profile represents cluster heights of real clusters, which we take into account for 

the height distribution (see 818H822Hfigure 5.83). Due to a double tip, the formation of the four 

clusters (a) to (d) identically appears again, vertically displaced downwards of about 

20 nm. The middle line profile shows the virtual cluster heights of these non-existing 

clusters (a)* to (d)*, which comes from an additional tunneling channel established by a 

second micro tip with around 20 nm distance with respect to the main tunneling tip. Be-

cause usually the double tip changes during an experimental run and the heights of the 

ghost clusters are in the same order of magnitude compared to the smaller clusters we 

observe in several STM images, we did not include the heights of the small clusters in the 

height histogram. We assume that the smaller clusters could again exhibit an average 

height of approximately 1.75 nm, as one can estimate from some measurable small clus-

ters which can not be ghost images because there are no corresponding real clusters (see 

clusters (e), (f), and (g) in 819H823Hfigure 5.84). This would also lead to a double peak in the height 

histogram as well as we observed for the Ag561 clusters (see 820H824Hfigure 5.81). 

 

 

Table 5.15 Deposition parameters for the sample system Ag923 on 1 ML C60 on Au (111). 
 

222000TTT HHH      DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG999222333   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 30 Power Psource [Watt] 9 

Sample bias Usample [V] - 1 Temperature Tsample [°C] RT 

Frequency f [Hz] 45525.32 Waiting time tw [µs] 88 

Mass m [amu] 99729 Cluster current Ibd (before 
deposition) [pA] 30 

Flux Φ Ar / He 
[sccm/sccm] 

100.1 / 
319 

Cluster current Iad (after 
deposition) [nA] 30 
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Figure 5.82 Ag923 clusters deposited on 1 Ml C60 on a Au (111) substrate. 

(Top) STM image shows a typical area of this sample (Utunelling = 2.0 V / Itunneling = 0.02 nA). (Bottom) 

Line profile of some large and small clusters. Due to bad tip and sample conditions, the exact analysis of 

some smaller clusters was impossible. 
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Figure 5.83 Height distribution for Ag923 clusters on 1 ML C60 on Au (111). 

As discussed in the text, only large cluster have to be taken into account, due to bad tip conditions. 
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Figure 5.84 Double tip effects observed for Ag923 clusters on 1 ML C60 on Au(111). 

The heights of measured real cluster heights: h(a) = 2.95 nm, h(b) = 2.84 nm, h(c) = 3.22 nm, and 

h(d) = 3.29 nm. Due to a double tip effects one observes also ghost images of non-existing clusters with 

virtual cluster heights h(a)* = 1.48 nm, h(b)* = 1.36 nm, h(c)* = 2.06 nm, and h(d)* = 1.92 nm. These heights 

are in the same order of magnitude as some smaller clusters which again show heights of approximately 

1.7 nm, e.g., h(e) = 1.76 nm, h(f) = 1.76 nm, or h(g) = 1.70 nm. (Utunelling = 2.0 V / Itunneling = 0.02 nA). 
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55..44..22  DDiissccuussssiioonn  

The curious results of the deposition experiments with geometrical magic size-selected 

silver clusters we present in the previous chapter raises several questions. We summarize 

the average cluster heights of all clusters in 821H825Hfigure 5.85. Moreover, we add to this diagram 

the calculated cluster heights s
Agnh  using the model of a simple sphere (see 822H826Hequation 2.21). 

Therewith, the difference between theory and experiment is clearly visible. While the 

calculated cluster height increases with increasing number of shells, the measured cluster 

heights remains constant at approximately 1.7 nm, except for Ag561 and Ag923. In theses 

particular cases, we observed, beside clusters with a height of 1.7 nm, larger clusters. The 

large cluster heights are almost equal to the estimated values. In case of Ag561 the calcu-

lated height of 561
s
Agh 2.64nm=  agrees with the measured one of 

561

exp.
Agh 2.5 nm≈  for the 

larger clusters. In the same way, the estimated cluster height of Ag923 of 923
s
Agh 3.11 nm=  

is approximately equal to the measured one of  
923

exp.
Agh 2.9 nm≈ . Nevertheless, for these 

two sample systems we also observed several clusters with 1.7 nm in height. The square 

data point in brackets in 823H827Hfigure 5.85 indicates that we were not able to provide a height 

distribution for the small clusters for Ag923, although we observe several clusters with a 

height of 1.7 nm (see sec. 824H828H5.4.1.5 and 825H829Hfigure 5.83, clusters (e), (f), and (g)). 

As we showed exemplarily for Ag55 clusters, areas with different cluster densities (see 

826H830Hfigure 5.74) exhibit clusters with the same cluster height of about 1.7 nm (see 827H831Hfigure 5.75). 

Therefore, we can conclude that no cluster island growth takes place, because for island 

growth both, the number of clusters per area and the cluster size increase with coverage. 

This affirms the deposition of identical objects, in contrast to the deposition of atomic 

material, which leads to metal island growth as we explained in section 828H832H2.3.1 (pp 829H833H56). 

To exclude also deposition-induced effects due to, e.g., too high deposition energies, we 

repeated the deposition of Ag309 clusters. We summarize all deposition parameters in the 

appendix in 830H834Htable 5.13. In contrast to the first Ag309 deposition, we used in the second one 

a bias voltage Ubias at the onset of the cluster ion current decay (see 831H835Hfigure 4.56) of about 

Ubias = +10 V (0.03 eV per atom). We observed again clusters with heights of around 
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1.7 nm (see 832H836Hfigure 5.86). Hence, we can verify the result of the first experiment with a 

kinetic energy of  0.16 eV per atom with the second experiment with a kinetic energy of  

0.03 eV per atom. The observed cluster heights are obviously independent from the depo-

sition energy, or at least for energies below 0.16 eV per atom. 

Because all these observations point to some curious changes in the cluster topography 

after deposition, we perform an additional experiment, to check the long-term stability of 

the samples at room temperature. 

In all experiments, we deposited the clusters with different cluster ion currents (see sec. 

833H837H7.3, pp 834H838H199). Hence, we had to vary the deposition time between 5 minutes (e.g., for 

Ag147) and 30 minutes (e.g., for Ag923) to obtain equal coverages. For this reason, the 

samples stayed at room temperature for different time intervals until we stored them in the 

STM at TSTM = 77 K. To check the temperature dependency we used another Ag309 sam-

ple. We deposited the Ag309  clusters for 15 minutes onto the C60 functionalized surface at 

room temperature and transferred the sample after the deposition interval into the STM. 

The transfer time approximately amounts to another 15 minutes. 835H839HFigure 5.86 shows the 

resulting STM image. We again observed clusters with an extremely narrow size distribu-

tion and an average cluster height of about 1.7 nm. After the STM investigation, we trans-

fered the sample into the storage carousel inside the analysis chamber. In this way, we 

stored the sample at room temperature under UHV conditions for another 12 hours. After 

that, we investigated again the Ag309 clusters with the STM. 836H840HFigure 5.87 shows a typical 

STM image and a line profile of the observed clusters. We found out that the coverage 

has decreased significantly, while the cluster height remains constant. We conclude that 

the clusters still have a high mobility on the C60 layers at room temperature. Because the 

clusters neither grow, nor shrink significantly during 12 hours at room temperature, we 

can exclude coalescence.  

WANG et al. observed also a high mobility of Ag atoms and small silver clusters on a well 

ordered C60 layer on Si(111) [155F154F155]. In our case, the question arises, where do the silver 

clusters go?  
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837H841HFigure 5.88 shows an STM image of the Ag147 sample imaged at specific tunneling condi-

tions. In this case, we observed beside the Ag147 clusters on the C60 islands (area (a) in 

838H842Hfigure 5.88) two more areas. Area (b) exhibits a very low C60 coverage. One can see 

decorated step edges of the Au (111) substrate. The height of a gold step edge amounts to 

AuSEh a 3 0.236 nm= = , with a = 0.408 nm (lattice constant of gold). The third area (c) 

shows a 0.25 nm-high layered structure, which has lateral pattern similar to the gold 

reconstruction. We found these structures only on C60 free areas, where we deposited the 

Ag147 cluster. Because we never observed such structures on a freshly prepared C60 on 

Au (111) sample, we assume these structures to be due to the silver clusters. Depositing 

silver clusters directly onto the bare gold substrate could have formed these islands due to 

the strong metallic bonding (see sec. 839H843H2.1.1, pp 840H844H31).  

CHAMBLISS and WILSON investigated the diffusion of Ag atoms on Au (111) and found a 

morphological instability in the formation of the first monolayer of Ag on room tempera-

ture on Au (111) [156F155F156]. In their STM investigations, they found out that a rapid surface 

diffusion without rapid edge diffusion leads to a fingerlike growth of Ag on Au(111).  

In our case, the silver material can only come from the deposited silver clusters. We 

assume that the clusters either break apart when they get in contact with the bare Au(111) 

surface, or diffuse from the C60 islands to the C60 free areas due to their high mobility. 

Nevertheless, this does not provide an explanation for the favored cluster height of 

1.7 nm. COUILLARD et al. investigated large size-selected Agn clusters (n = 1100 – 5000) 

on graphite at room temperature. They could clearly demonstrate, that even large clusters 

(n = 5000) are highly mobile on the surface [157F156F157] but do not coalesce with one another on 

the time scale of one day [158F157F158]. The time scale in COUILLARD’S experiments is compara-

ble to our time scales. However, the properties of the graphite surface are different to our 

ordered C60 islands. We can suggest from these experiments, that the atoms of the clusters 

are highly mobile at room temperature, and are able to relocate their self within the cluster 

or at the cluster surface. 
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To check the order of magnitude of the relaxation time τ for the equilibrium shape, we use 

a formula which is derived in ref. [841H845H98] and used in ref. [842H846H95] for Au crystals with microme-

ter dimensions.  

Equation 5.27 

4

2
Au S(Au) Au

r kT
24 D

σ
τ =

γ ν
 

r: cluster radius, k: BOLTZMAN’S constant, γAu: surface energy for Au [159F158F159], νAu: atomic volume of Au, 

σ: area per surface atom [160F159F160], and DS(Au): surface diffusivity of Au at 350 ° C [ 161F160F161] (further values for 

DS of different materials can be found in ref. [162F161F162], T = 350 °C. 

 

The formula bases on the assumption that the shape is in first order described by a sphere 

and that surface diffusion is the dominating mechanism for morphology changes. For gold 

clusters with a radius of 1 nm at T = 350 °C this results in 410 s−τ ∼  (from ref. [843H847H55]). 

Theoretical calculations of FERRANDO and TRÉGLIA shows that the diffusivity constant DS 

for Ag at T = RT is almost equal to DS of Au at T = 350 °C [163F162F163]. All other parameters 

(γ and σ) are similar for Ag and Au.  

 

Equation 5.28 

4
Ag 20 2 2

S(Ag)2
Au S(Ag) Ag

r kT 1.12 10 D m s
24 D

− −σ
τ = = ⋅ ⋅

γ ν
 

rAg55 = 0.61 ·10-9 m: cluster radius, k: BOLTZMAN’S constant, γAg ≈ 0.49 J / m²: surface energy for Ag 

[164F163F164], 29
Ag 1.71 10 m³ −ν = ⋅ : atomic volume of Ag, σAg= 6.7 · 10-20 m²: area per surface atom [844H848H160], , 

T = 300 K. 

 

For a diffusivity constant of Ag from theoretical calculations ( 9 2 1
S(Ag)D 2 10 m s  − −= ⋅  

[845H849H163]) this leads to the unrealistic short time τ in the order of 10-12 s and does not hold for 

geometrically magic clusters, because the assumptions are unrealistic in this case. There-

fore the quantitative results are not reliable. 
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However, the relaxation time strongly depends on the radius of the cluster with 4rτ ∝ , 

which results in higher stability for larger clusters. This is reasonable, considering as 

upper limit the long-term stability of a macroscopic silver crystal at room temperature. 

Furthermore, we get from this calculation that the relaxation time for Ag923 clusters is 

around 4 times longer than for Ag309 clusters under the same conditions. We have to 

assume, that the clusters exhibit metastable shapes rather than equilibrium geometries and 

that the Ag923 remain their original shape until they are stored in the STM chamber at 

77 K in contrast to, e.g., Ag309 clusters, which already completely broke apart, so that we 

could not observe the original cluster shape afterwards in the STM. We give an outlook to 

future experiments, in which we will explain these results in more detail, in the next 

chapter. 
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Figure 5.85 Diagram of cluster heights versus number of shells. 
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(a) Experimental data (b) calculated cluster heights. 
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Figure 5.86 Second sample of Ag309 clusters (Deposition No. 21, see 846H850H7.3.5, p. 847H851H203) deposited at 

Tsample = RT, transferred after 30 min into the STM, and investigated at TSTM = 77 K. 

(Top) typical STM image Ag309 clusters on large C60 islands (Utunelling = 3.1 V / Itunneling = 0.059 nA). 

(Bottom) Line profiles of some randomly chosen clusters. Sample bias of Ubias = +10 V used in this 

experiment, in contrast to the first Ag309 sample (deposition No. 19, see appendix 848H852H7.3.4, p. 849H853H202 and sec. 

850H854H5.4.1.3, pp 851H855H168). 
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Figure 5.87 The same Ag309 cluster sample after storing 12 h at Tsample = RT.  

(Top) typical STM image taken at TSTM = 77 K (Utunelling = 2 V / Itunneling = 0.03 nA). (Bottom) Line profile 

of four randomly chosen clusters. 
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Figure 5.88 Ag147 clusters on 1 ML C60 on Au(111).  

(Utunelling = 1.1 V/ Itunneling = 0.057 nA). 
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SSUUMMMMAARRYY  AANNDD  OOUUTTLLOOOOKK  

 

n the present work, we reported our research project about metallic clusters 

(852H856Hchapter 2) on surfaces. We prepared sample systems of different cluster types and 

materials (sec. 853H857H4.1.5) grown or deposited on various buffer layers (sec. 854H858H4.1.4) on miscella-

neous substrate systems (sec. 855H859H4.1.3). We used the experimental techniques STM (sec. 

856H860H2.2.1) and UPS (sec. 857H861H2.2.2) to investigate the interesting effects of clusters with varying 

coupling to a surface. 

We were able to decouple Au and Pb clusters electronically from the metallic substrate by 

a Xe film of 60 ML thickness (see sec. 858H862H5.1.1.2, pp 859H863H135). This resulted in a change of the 

reference energy and lead in particular for Pb clusters on a Au(111) substrate to the re-

markable result of a cluster-photoelectron signal above the FERMI energy defined by the 

ground level of the sample holder (see sec. 860H864H5.1.1.3, pp 861H865H139). We presented a qualitative 

interpretation of the observed effects based on the change of the reference energy for the 

cluster spectra that, according to PAX (see sec. 862H866H2.2.3.1, pp 863H867H49), is no longer the FERMI 

I 
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energy but the vacuum energy of the substrate (see 864H868Hfigure 5.61). In this sense, we called 

the clusters decoupled by rare gas layers free clusters on substrate.  

In addition, in section 865H869H3.2 (pp 866H870H78) we presented the setup of a new cluster deposition 

machine developed and constructed by C. YIN and B. V. ISSENDORFF in Freiburg within 

the cooperation in the DFG priority project SPP 1152 [867H871H5]. We used this new apparatus to 

extend our studies of clusters produced by metal island growth to the investigation of 

size-selected clusters. In particular, we used the cluster source [868H872H116] and the mass selector 

[869H873H117] for the generation and deposition of mass-selected Agn clusters (n = 40, 55, 80, 147, 

309, 561, 923, and 2130) onto different sample substrates. 

We presented first results of STM studies of small size-selected Agn clusters deposited 

with a rather high kinetic energy on HOPG (n=40, 55, and 80) in section 870H874H5.2 (pp 871H875H146). In 

accordance to the results of CARROLL et al. [872H876H104], we could verify the threshold behavior 

for cluster pinning to their defects. In our investigation, we observed that no cluster pin-

ning took place below deposition energies of 15 eV per atom. In these first experiments, 

we noticed the curious role of the geometrically magic Ag55 clusters due to the observed 

cluster height relation  

55 40 80
h h < h<Ag Ag Ag . 

We could give a possible interpretation regarding the high stability due to the closed 

geometric shell structure of the Ag55 cluster. Finally, we got from these experiments  

further evidence for the high mobility [873H877H158] of clusters on HOPG due to the preferred 

position of Ag80 clusters only at multiple step edges (see 874H878Hfigure 5.70). 

Moreover, we presented first UPS results of large size-selected clusters on Xe on HOPG 

in section 875H879H5.3 (pp 876H880H156). We were able to show in these experiments the high performance 

of the mass-selector even for large cluster sizes around 2130 atoms. We observed a 

rounded cluster FERMI edge of partly immersed Ag2130 clusters into the Xe film. This 

suggests a future repetition of such experiments with slightly modified experimental 

conditions. On the one hand, we will use substrates, which exhibit a better thermal cou-
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pling to the sample holder, e.g., a Au(111) crystal, to adsorb more than 10 ML Xe. On the 

other hand, we will continue to improve the vacuum conditions (in both, the preparation 

chamber and the mass selector chamber), due to the extremely sensitive surface of these 

samples at cold temperatures. We are convinced, that in future experiments with mass-

selected clusters on, e.g., 60 ML Xe we will be able to verify the qualitative results of the 

free clusters grown on surfaces. Moreover, we expect to be able to derive more quantita-

tive results for, e.g., the charging energy EC (see also 877H881H2.2.3.3, pp 878H882H53) due to the exactly 

defined cluster size. Furthermore, we will compare these results with the charging energy 

of clusters in a free beam (see COULOMB staircases in 879H883Hfigure 1.2).  

Finally, yet importantly, we investigated mass-selected geometric magic silver clusters 

deposited on a C60 functionalized gold surface. The results we presented in section 880H884H5.4.1 

(pp 881H885H160) show extremely interesting outcomes. In spite of five different cluster sizes 

between 55 atoms and 923 atoms, we observed for all samples clusters with almost the 

same average cluster height of about 1.7 nm (see previous sec. 882H886H5.4.2, pp 883H887H179). This obser-

vation differs significantly from the constantly increasing calculated cluster heights (see 

plot in 884H888Hfigure 2.19, p. 885H889H62). In addition, we observed for Ag561 and Ag923 larger clusters that 

roughly agree with the expected cluster sizes. For Ag561 two maxima in the size distribu-

tion were revealed with good statistics. We showed exemplarily for Ag55 clusters, that 

areas with different cluster densities (see 886H890Hfigure 5.74) exhibit clusters with the same clus-

ter height of about 1.7 nm (see 887H891Hfigure 5.75 ) and conclude that no cluster island growth 

takes places. 

 In an additional experiment, we investigated the long-term stability at room temperature 

of the silver clusters on C60. We observed that after 12 hours at room temperature the 

cluster height remains constant, while the cluster density decreases significantly (see 

888H892Hfigure 5.86 and 889H893Hfigure 5.87 in the previous sec.). 

We considered the deposition energy of the clusters as reason for the constant height, but 

could show that the results are independent of the energy for less than 0.1 eV per atom, 
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because we observed identical cluster heights for the two different deposition energies 

0.03 eV per atom and 0.16 eV per atom. 

Our present hypothesis for the interpretation of these results is that the clusters, deposited 

at room temperature, exhibit a rather metastable than an equilibrium shape. Nevertheless, 

we have not produced the final experimental evidence yet, which is left to ongoing and 

future experiments. In planned experiments we will use cold samples and study the tem-

perature dependency of the same Agn clusters (n=55, 147, 309, 561, 923, and maybe 

1415) on a C60 functionalized surface. We will try to prevent the change into a metastable 

state due to the decreased temperature. Under these conditions, we predict different clus-

ter heights for different cluster sizes. 

In a future collaboration with the group of M. MOSELER, we will get theoretical support 

by simulations of the cluster-C60-Au(111)-sample system. 

Furthermore, we will measure STS spectra for size-selected clusters. 890H894HFigure 6.89 shows 

first experimental results of  STS spectra of individual clusters of the three different clus-

ter sizes Ag55, Ag309, and Ag923 on the C60 functionalized surface. The STS spectra of the 

same cluster show reproducibility and a noise level. STS spectra of different individual 

clusters present similar features if the cluster height is the same within the narrow height 

distribution.  

The scientific results of this thesis offer a broad range of  new experiments. Beside the 

aforementioned scheduled experiments different cluster materials like, e.g., Au, Pt, or Cu, 

are imaginable as well as other buffer layers and sample substrates. The investigation of 

the quantized electronic structure of electronically magic metal clusters could become 

reality by preparing almost free clusters on a surface due to an extremely weak coupling 

to the surface using combinations of rare gas and / or C60 layers. It will be extremely 

interesting to compare these results with the results of cluster in a free beam (see 891H895H2.4.2, pp 

892H896H62), where v. ISSENDORFF et al. nicely observed and explained the quantized electronic 

structure. 
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Figure 6.89 STS spectra of Ag55, Ag309, and Ag923 clusters measured at 77 K. 

Clusters of similar height exhibit similar STS spectra. A full interpretation will be possible, after the 

repetition of these experiments at T = 5 K and the use of the lock in technique (see 893H897H2.2.1.3, p 894H898H44). 
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77..11  CClluusstteerr  MMaacchhiinnee  DDrraawwiinnggss  

 

In the following section, we show some enlarged drawings. 
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Figure 7.90 Full-size drawing of the cluster deposition machine. 
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Figure 7.91 Cross-sectional full-size drawing of the cluster deposition machine. 

SSF: Surface Science Facility, SHLT: LT-Sample Holder, PCH: Preparation Chamber, D1, D2, and D4: 

Deposition Optics, D3 and y+/y-: y-deflector electrode combination, MCH: mass-selector chamber, VCP: 

connection valve between SSF and MCH., tm: movable tube, Utm: high voltage connector of the movable 

tube, et: exit tube (of the mass-selector), CTI: channeltron I, FCI: FARADAY Cup I, AR: acceleration 

region, AP: acceleration plate, DR: deceleration region, DP: deceleration plate TPM: turbo pump of the 

mass-selector chamber, EF: focusing electrode, L: Laser. 
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CCH: cryo-pump chamber, H: cryo cold head, So: outer shielding, tC: cryo tube, STI: 1st stage of H, STII: 

2nd stage of H, FBN: Boron Nitride foil, Dx/y: x-y-deflector plates, TPC: turbo pump of the cryo-pump 

chamber, Vf: floating voltage, A3, A2 and A1: acceleration electrodes, SCH: cluster source chamber s: 

skimmer, i: iris, m: magnetron sputter discharge head, dTarget: distance between target and iris, TPS: turbo 

pump of the cluster source chamber. LN2: liquid nitrogen cooling cycle. 
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77..22  GGiiffffoorrdd--MMccMMaahhoonn  ccooooll  hheeaadd  CCoooollppoowweerr  55//110000TT  

 

Figure 7.92 Schematic depiction of the Two-stage Gifford-McMahon cool head Coolpower 5/100T. 

(1) 2nd (refrigeration) stage, cooper flange, (2) Expansion volume, 2nd stage, (3) Displacer piston, 

2nd stage, (4) 1st (refrigeration) stage, copper flange, (5) Expansion volume, 1st stage, (6) Displacer piston, 

1st stage, (7) Weld-on pipe, (8) Control valve, (9) Synchronous motor, (10) He high-pressure connection, 

(11) Safety valve, (12) He low-pressure connection [895H899H118]. 
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77..33  DDeeppoossiittiioonn  PPaarraammeetteerr  SSeettss  ffoorr  SSiizzee--SSeelleecctteedd  CClluusstteerrss  

77..33..11  DDeeppoossiittiioonn  NNoo..  33::  AAgg4400  //  HHOOPPGG  

 

 
Table 7.16 Deposition Parameters for Ag40 / HOPG. 

333RRR DDD   DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG444000   CCCLLLUUUSSSTTTEEERRRSSS   ///       HHHOOOPPPGGG   

Deposition time tD [min.] 20 Power Psource [Watt] 5 

Sample bias Usample [V] -800 Temperature Tsample [°C] RT 

Frequency f [Hz] 223569.70 Waiting time tw [µs] 2 

Mass m [amu] 4126 Cluster current Ibd (before 
deposition) [pA] 6.3 

Flux Φ Ar / He 
[sccm/sccm] 

160 / 200 Cluster current Iad (after 
deposition) [nA] 2.8 

dTarget [cm] 11.5 Ufocus [V] -239.3 

URing [V] 0 Utm [V] -648 

UIris [V] 0 Udeflector top [V] -474 

A1 [V] -132.2 Udeflector down [V] UFloat. V. 

A2 [V] -450.6 UD1 [V] -438 

A3 [V] -12.6 UD2 [V] -149.8 

Uskimmer [V] -16.61 UD3 [V] -231.1 

UY- [V] -502 UD4 [V] -648 

UY+ [V] -494 UY- [V] -239.8 

UX+ [V] -493 UY+ [V] -225.8 

UX- [V] -503 UFloat. V. -500 
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77..33..22      DDeeppoossiittiioonn  NNoo..  1133::  AAgg5555//  CC6600//AAuu  

 

  
Table 7.17 Deposition Parameters for Ag55 on 1 ML C60. 

111333TTT HHH   DDDEEEPPPOOOSSSIIITTTIIIOOONNN   ---   AAAGGG555555   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 10 Power Psource [Watt] 14 

Sample bias Usample [V] - 5  Temperature Tsample [°C] 40 

Frequency f [Hz] 185924,4 Waiting time tw [µs] 3 

Mass m [amu] 5980 Cluster current Ibd (before 
deposition) [pA] 67 

Flux Φ Ar / He 
[sccm/sccm] 

81.6 / 384 Cluster current Iad (after 
deposition) [nA] N/A 

dTarget [cm] 13 Ufocus [V] -213,573 

URing [V] 25.596 Utm [V] -579,19 

UIris [V] 10,2816 Udeflector top [V] -481,43 

A1 [V] -48,002 Udeflector down [V] Float. V. 

A2 [V] -306,20 UD1 [V] -0,0501 

A3 [V] -12,7095 UD2 [V] -145,534 

Uskimmer [V] -17,3375 UD3 [V] -240,08 

UY- [V] -496,36 UD4 [V] -579,24 

UY+ [V] -499,26 UY- [V] -240,75 

UX+ [V] -495,82 UY+ [V] -231,373 

UX- [V] -499,80 UFloat. V. - 500 V 
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77..33..33  DDeeppoossiittiioonn  NNoo..  1188::  AAgg114477//CC6600//AAuu  
  

Table 7.18 Deposition Parameters for Ag147 on 1 ML C60. 

111888TTT HHH   DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG111444777   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 5 Power Psource [Watt] 9 

Sample bias Usample [V] -26 Temperature Tsample [°C] RT 

Frequency f [Hz] 113962.30 Waiting time tw [µs] 4 

Mass m [amu] 15915 Cluster current Ibd (before 
deposition) [pA] 92 

Flux Φ Ar / He 
[sccm/sccm] 

100 / 500 Cluster current Iad (after 
deposition) [nA] 74 

dTarget [cm] 16.5 Ufocus [V] -192.642 

URing [V] 25.094 Utm [V] -651.54 

UIris [V] 21.922 Udeflector top [V] -488 

A1 [V] -127.988 Udeflector down [V] UFloat. V. 

A2 [V] -145.937 UD1 [V] -486.77 

A3 [V] -13.725 UD2 [V] -99.551 

Uskimmer [V] -11.94 UD3 [V] -237.99 

UY- [V] -494.19 UD4 [V] -652.26 

UY+ [V] -501.04 UY- [V] -241.41 

UX+ [V] -496.67 UY+ [V] -222.640 

UX- [V] -499.11 UFloat. V. -499.9 
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77..33..44  DDeeppoossiittiioonn  NNoo..  1199::  AAgg330099//CC6600//AAuu  

 

Table 7.19 Deposition Parameters for Ag309 on 1 ML C60 (depo 19). 

111999TTT HHH   DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG333000999   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 7 Power Psource [Watt] 9 

Sample bias Usample [V] -50 Temperature Tsample [°C] 53.17 

Frequency f [Hz] 78650.13 Waiting time tw [µs] 6 

Mass m [amu] 33412 Cluster current Ibd (before 
deposition) [pA] 70 

Flux Φ Ar / He 
[sccm/sccm] 

100 / 435 Cluster current Iad (after 
deposition) [nA] 70 

dTarget [cm] N/A Ufocus [V] N/A 

URing [V] N/A Utm [V] N/A 

UIris [V] N/A Udeflector top [V] N/A 

A1 [V] N/A Udeflector down [V] UFloat. V. 

A2 [V] N/A UD1 [V] N/A 

A3 [V] N/A UD2 [V] N/A 

Uskimmer [V] N/A UD3 [V] N/A 

UY- [V] N/A UD4 [V] N/A 

UY+ [V] N/A UY- [V] N/A 

UX+ [V] N/A UY+ [V] N/A 

UX- [V] N/A UFloat. V. N/A 
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77..33..55  DDeeppoossiittiioonn  NNoo..  2211::  AAgg330099//CC6600//AAuu  

 

 

Table 7.20 Deposition Parameters for Ag309 on 1 ML C60 (depo 21). 

222111TTT HHH   DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG333000999   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 15 Power Psource [Watt] 9 

Sample bias Usample [V] 10 Temperature Tsample [°C] RT 

Frequency f [Hz] 78650.13 Waiting time tw [µs] 6 

Mass m [amu] 33412 Cluster current Ibd (before 
deposition) [pA] 60 

Flux Φ Ar / He 
[sccm/sccm] 

100 / 318 Cluster current Iad (after 
deposition) [nA] 60 

dTarget [cm] N/A Ufocus [V] N/A 

URing [V] N/A Utm [V] N/A 

UIris [V] N/A Udeflector top [V] N/A 

A1 [V] N/A Udeflector down [V] UFloat. V. 

A2 [V] N/A UD1 [V] N/A 

A3 [V] N/A UD2 [V] N/A 

Uskimmer [V] N/A UD3 [V] N/A 

UY- [V] N/A UD4 [V] N/A 

UY+ [V] N/A UY- [V] N/A 

UX+ [V] N/A UY+ [V] N/A 

UX- [V] N/A UFloat. V. N/A 
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77..33..66  DDeeppoossiittiioonn  NNoo..  2233::  AAgg556611//CC6600//AAuu  

Table 7.21 Deposition Parameters for Ag561 on 1 ML C60. 

 

222333TTT HHH   DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG555666111   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 15 Power Psource [Watt] 9 

Sample bias Usample [V] -2 Temperature Tsample [°C] RT 

Frequency f [Hz] 583687.2 Waiting time tw [µs] 9 

Mass m [amu] 60628 Cluster current Ibd (before 
deposition) [pA] 56 

Flux Φ Ar / He 
[sccm/sccm] 

80.8 / 413 Cluster current Iad (after 
deposition) [nA] 50 

dTarget [cm] N/A Ufocus [V] N/A 

URing [V] N/A Utm [V] N/A 

UIris [V] N/A Udeflector top [V] N/A 

A1 [V] N/A Udeflector down [V] UFloat. V. 

A2 [V] N/A UD1 [V] N/A 

A3 [V] N/A UD2 [V] N/A 

Uskimmer [V] N/A UD3 [V] N/A 

UY- [V] N/A UD4 [V] N/A 

UY+ [V] N/A UY- [V] N/A 

UX+ [V] N/A UY+ [V] N/A 

UX- [V] N/A UFloat. V. N/A 
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77..33..77  DDeeppoossiittiioonn  NNoo..  2200::  AAgg992233//CC6600//AAuu  

 

Table 7.22 Deposition Parameters for Ag923 on 1 ML C60. 

222000TTT HHH   DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG999222333   CCCLLLUUUSSSTTTEEERRRSSS   ///    111   MMMLLL   CCC666000   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 30 Power Psource [Watt] 9 

Sample bias Usample [V] -1 Temperature Tsample [°C] RT 

Frequency f [Hz] 45525.32 Waiting time tw [µs] 11 

Mass m [amu] 99729 Cluster current Ibd (before 
deposition) [pA] 30 

Flux Φ Ar / He 
[sccm/sccm] 

100 / 319 Cluster current Iad (after 
deposition) [nA] 30 

dTarget [cm] 15 Ufocus [V] -197.351 

URing [V] 17.685 Utm [V] -671.93 

UIris [V] 14.705 Udeflector top [V] -487 

A1 [V] -79.147 Udeflector down [V] UFloat. V. 

A2 [V] -172.644 UD1 [V] -1.461 

A3 [V] -9.798 UD2 [V] -106.902 

Uskimmer [V] -10.322 UD3 [V] -236.04 

UY- [V] -497.93 UD4 [V] -671.91 

UY+ [V] -497.77 UY- [V] -241.40 

UX+ [V] -497.94 UY+ [V] -227.495 

UX- [V] -497.79 UFloat. V. -500 
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77..33..88  DDeeppoossiittiioonn  NNoo..  99::  AAgg22113300//1100  MMLL  XXee  //AAuu  

 

Table 7.23 Deposition Parameters for Ag2130 on 1 ML C60. 

 

999TTT HHH   DDDEEEPPPOOOSSSIIITTTIIIOOONNN   –––   AAAGGG222111333000   CCCLLLUUUSSSTTTEEERRRSSS   ///    111000   MMMLLL   XXXEEE   ///    AAAUUU(((111111111)))   

Deposition time tD [min.] 30 Power Psource [Watt] 8 

Sample bias Usample [V] -50 Temperature Tsample [K] 30 

Frequency f [Hz] 30092.9 Waiting time tw [µs] 17 

Mass m [amu] 230000 Cluster current Ibd (before 
deposition) [pA] 0.98 

Flux Φ Ar / He 
[sccm/sccm] 

85.8 / 136 Cluster current Iad (after 
deposition) [nA] 0.88 

dTarget [cm] N/A Ufocus [V] N/A 

URing [V] N/A Utm [V] N/A 

UIris [V] N/A Udeflector top [V] N/A 

A1 [V] N/A Udeflector down [V] N/A 

A2 [V] N/A UD1 [V] N/A 

A3 [V] N/A UD2 [V] N/A 

Uskimmer [V] N/A UD3 [V] N/A 

UY- [V] N/A UD4 [V] N/A 

UY+ [V] N/A UY- [V] N/A 

UX+ [V] N/A UY+ [V] N/A 

UX- [V] N/A UFloat. V. N/A 
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