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ABSTRACT

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)' 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
. . 2 .

machine, we use a magnetron sputter gas aggregation cluster source” and a semi-

continuous time-of-flight mass selector’ 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 Cg 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
Agse1 and Agos 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.

' 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: A4 new high transmission infinite range mass selector for cluster and nanopar-
ticle beams, Review of Scientific Instruments 70, 4497 (1999).
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Chapter 1

INTRODUCTION

The Milky Way is nothing else but a mass of innumerable

stars planted together in clusters.

GALILEO GALILEI (1564 — 1642)

I 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
10%* stars, small objects consist of an unimaginable number of atoms. For example, one
could fill the volume of a large raindrop with approximately 10 silver atoms. In such

dimensions, the accumulations of a few up to ten thousand atoms are also named clusters.
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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 [.1, 2, and 3].

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 [4]. 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 -
DFGQG) 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 [5].

In the next section, we briefly introduce the general aims and topics of the SPP 1153 and
describe our collaboration with V. ISSENDORFF ef al. in the context of this priority pro-

gram.
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1.1 Priority Program

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.

1.2 State of the Art

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 [6]. KIRILYUK et al. investigate
the structure of niobium clusters via the measurement of infrared absorption spectra [7].

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 um-sized faceted crystallites [8]. It is interesting to compare the behavior in these

rather bulk-like sizes with our results.

Our collaborators V. ISSENDORFF ef al. study among other systems noble metal clusters.
The results (see figure 1.1) clearly demonstrate that copper (Cu) and silver (Ag) clusters
exhibit strongly perturbed electron shell structures (see 2.4.2, pp 62), except Cuss and
Agss (nomenclature of clusters explained in chapter 2, p. 29), 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 [9].

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 [.10].

Moreover, V. ISSENDORFF et al. investigated large Aluminum clusters with photoelectron
spectroscopy and observed so-called COULOMB Staircases (see figure 1.2) [.11]. 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, efc. 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 € / R (see figure 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. [9]).

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 Agss” and Cuss 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 (hv = 6.42 eV) photo emission spectra of free size-

selected cold aluminum cluster anions with up to 32000 atoms (taken from ref. [11]).

1.3 Overview

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 chapter 2 (pp 29) 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
chapter 3 (pp 75), 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 chapter 4 (pp 111)
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 chapter 5 (pp 131). 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.






Chapter 2

CLUSTERS AND PARTICLES

S everal researchers intensively investigated metal clusters and small metallic

particles [.12] during the past two decades [.13,14] 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 table 2.1). The field of cluster physics uses
the common X, notation for cluster characterization where X denotes the chemical sym-
bol and n the number of atoms. This even holds for X;, X5, 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 Xsoo 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
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atom counts [9]. There exist so-called magic cluster sizes, which we briefly introduce in
section 2.4.2.2. Moreover, we present an introduction dealing with larger particles in
section 2.3 and motivate our experiments in section 2.4.2 by summarizing some results of
clusters investigated in a free beam, while section 2.4.3 focuses on our main field of

research: clusters on surfaces.

micro clusters 3 to 13 atoms

small clusters 14 to 100 atoms

large clusters 100 to 1000 atoms

micro crystallites more than 1000 atoms
Table 2.1 Nomenclature of clusters.

2.1 Bonding Types

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.
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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.

2.1.1 Metallic Bond

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 figure 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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To understand the metallic bond, we discuss in the following as an example solid Lithium
(L1). The electron configuration of the Li atom is 15*2s. The radial wave function of the
2s-electron is
_ r -r/2a,
Equation 2.1 Wi =Cy (2 - a—] e
0

C,,- normalization constant , a, — BOHR radius

Figure 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 — =+ .
Figure 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

[15].
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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 [15]).

2.1.11 Jellium-Model

An extended model for the description of the electronic structure of clusters is the so-
called Jellium-Model* [16, .17]. 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 2.4.2.2, p. 66).

* The name of the Jellium-Model derives from jelly.
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2.1.2 Covalent Bond

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 s exhibits large values in the region
between the nuclei, the potential energy becomes minimal, and a bonding takes place. The
anti-symmetric wave function ¥, 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 2.1.4) [15].

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 ef al. ob-
served for Carbon clusters (C,) several structures: simple ring structures for C, clusters

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

2.1.3 VAN DER WAALS-Bond

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 1/ 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.

+
) <
(b)
(a) (b)
0 )
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.
8" attracts &". (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.

2.14 Ionic-Bond

Another bonding type is the lonic 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
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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 [15].

2.2 Experimental Techniques

The experimental techniques we use within this work are Scanning Tunneling Micros-
copy (STM), Scanning Tunneling Spectroscopy (STS), and Ultraviolet Photoelectron
Spectroscopy (UPS) [19]. Other authors describe the basic principles and theoretical
bases of STM, STS, and UPS in more detail in many educational books [15, 20] and
articles [21] of the recent past. Therefore, the following sections simply consist of a short

overview and a summary of the relevant aspects.

2.2.1 Scanning Tunneling Microscopy

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 [22, 23,
and 24] 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 [25] and independently at the same time, E. U. D. CONDON and R. W.
GURNEY [26, 27] developed the idea of this effect in 1928. They explained the large

fluctuation of the average lifetime of the a-decay of radioactive nuclei.
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Figure 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 Vj: incoming particle beam from the left has to be reflected if the
kinetic energy Ey;, is lower than the height of the barrier V. (Bottom) (A) The reflected and the incoming
wave are superposed to the left of the potential well. (B) Inside of the potential well (E ) < VO) , 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. [28]).

Within classical physics, a potential barrier reflects particles of a particle beam after a
collision, if their kinetic energy Eki, is lower than the height of the barrier V. Within the
scope of quantum mechanics, particles with a kinetic energy Eii, < Vo, have a non-zero
probability to penetrate into, i.e., to tunnel through, the barrier Vy. 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 AE allows energies above the potential barrier for
the particles in a time At. 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 SCHRODINGER 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 (E, <V, ), the wave func-
tion decays exponentially (see figure 2.6, area B), and on the right side it is an outgoing
planar wave with only small amplitude (see figure 2.6, area C). In the case of a rectangu-
lar potential well, the transmission coefficient decreases fast with increasing width and

decreasing energy [29].

2.2.1.2 Principle of Scanning Tunneling Microscopy

We illustrate the basic principle of the Scanning Tunneling Microscope in figure 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 2.2.1.1). In this process, the finite distance between tip and
substrate represents a potential barrier (see figure 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 figure 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. Figure
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 [30, 31].



40 CHAPTER 2 C LUSTERS AND PARTICLES

tip d sample

Figure 2.7 Band theory model of a one dimensional potential well (quantum well).

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

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 [33].
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 [34, 35]. 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 figure 2.9. The position vector a 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 1o Uptip (EF )psample (rO’EF)

P, (E, )~ density of states of the tip, Prampic (;0 E, ) — density of states of the sample surface at the center

of the tip orbital, at the FERMI energy E_ .
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control
unit

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.

vacuum

tip

7=0 7=d

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 [34, 35]. (Figure

taken from ref. [36]).
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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 [34, 35]. 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 g

Equation 23 psample (d) = psample (d = O) eXp |:_2Ke//d}
d —distance to the surface

From equation 2.2 and equation 2.3 it follows, that the tunneling current also decays

exponentially with increasing distance z between sample and tip:

Equation 2.4 I oc=exp [—21{6&,2]

In which the effective inverse decay-length «,, is

2m,B |2
Equation 2.5 Ky = 7 +‘k||‘

m,: electron mass, 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
and ¢

work functions ¢ -

sample

of the sample and the tip, respectively:

B= ¢tip + sample |eU|
2 2

Equation 2.6

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



2.2 EXPERIMENTAL TECHNIQUES— 2.2.1 SCANNING TUNNELING MICROSCOPY — 2.2.1.2

43
PRINCIPLE OF SCANNING TUNNELING MICROSCOPY

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 equation 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:

. Ep+eU
Equation 2.7 ] oc I
Ep

P (E)pmmp,e (E+eU)T(E,U)dE

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 equation 2.7 by using the current-voltage curve.
Therefore, the information about the transmission coefficient from equation 2.7 is neces-
sary, which is a big obstacle for the practical processing, even with the use of approxima-
tions [37]. Therefore, one prefers an experimentally more feasible way, where one can

approximate the DOS in the following way:

Equation 2.8 Prample (QU) ~ ;(Ij/(]] (see [38,.39])

The LDOS between the sample FERMI energy Er and the shifted FERMI level @g of the tip

determines the tunneling current 1. 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 [29].

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 liunneiing 1S measured dependent on the gap
voltage Uwnneling. Figure 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 [35]. The set point (I, V) determines the signal

amplitude before starting the spectroscopy procedure,according to the condition

v( dl ~
Equation 2.9 = .[o (Wj‘wdl/
v

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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(@) (b)

E

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 @, and ®g.

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 [36]. For further details about the lock-in detection and a

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

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

scopic method.
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2.2.2 Ultraviolet Photoelectron Spectroscopy

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 [41] and in 1888 by W. HALLWACHS [42]. 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 [43]. This behavior is in disagreement with the classi-
cal theory of waves of electromagnetic radiation. In 1905 A. EINSTEIN [44] succeeded in

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

S. HUFNER presents a good introduction into the topic of photoelectron spectroscopy in
ref. [45] and describes in detail the development of photoemission spectroscopy from the

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

The basic principle of UPS shows figure 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 section3.1 (pp 75), we use ultraviolet light of
a differentially pumped helium gas discharge lamp with the energy hv=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 E, =h—¢ -E,

E,,, —kinetic energy of the electron, ¢S —work function of the sample, £, —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 [47]. 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 figure 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 [36].

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

theory [48].
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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. [45]. The quantitative description

of UPS spectra is only possible with many body theories [48].
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2.23 Photoemission Techniques and Effects

Besides STM investigations (see sec. 2.2.1, pp 36), we perform UPS measurements (see
sec. 2.2.2, pp 46) 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 2.2.3.1. After that, we also shortly introduce the work function (2.2.3.2) and the
charging energy (2.2.3.3) of clusters on surfaces. Finally, we discuss the Dynamic Final
State Effect in section 2.2.3, 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 [49, 50]. Therefore, we use the strong signal of the 5, — niveau of
the xenon atoms. Equation 2.11 describes the relation of the binding energy of the xenon

5..» — peak (with respect to the FERMI level) to the work function of the bare surface ¢

pl/2

and the binding energy E; of the xenon 5_, — peak (with respect to the vacuum level).

pl/2
WANDELT measured Ef,f for several substrates (among other things for Pd, Pt, Ir, Ni, Cu,
Ag, Au, Si, ZnO, and TiO,) with different work functions and verified equation 2.11 [51].
UPS measurements in normal emission result in an essentially constant value

for £, (5,,) = Ej (5,2)+ 0. =123£0.1 eV .

F _ Vv _
Equation 2.11 E, +¢. =E, =const

Eg - Binding energy of the xenon 5 2 peak with respect to the FERMI level, ¢ — clean metal work

function, £ g — Binding energy of the xenon 5 2~ peak with respect to the vacuum level.

WANDELT gives an interpretation of the striking invariance of the 5, ionization poten-

tial with respect to the vacuum level for different surface orientations and metals in figure
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2.12. Two different metals (metal 1, metal 2) with equal FERMI energy Er show different
vacuum energies Ey, 1 and Ey,c» due to their different work functions ®c and P The
reference energy for the Xenon 5, — 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 A). The center of such an atom adsorbed on a surface is located outside of the
electrostatic surface potential. The curve ®@;(z), which connects Ey,.; outside the surface
with Ejy; 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 5, , —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

5 ., —peaks of two xenon-covered samples in UPS. The difference of these two peak

pl/2

positions is equal to the difference of the work functions.

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

5 ., — peaks of the first five monolayers in situ with UPS, as described in section 4.1.4.1

pl2

(pp 119) [52].
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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 ¢.; and @., on one ¢ - heterogeneous surface.
E.ac1 — vacuum level of metal 1, Er FERMI level, and ¢.; — work function of the bare surface (based on

figure 1 from [51]).

2.2.3.2 Work Function

The work function @ 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 5.2 (p.146) 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 @ of our sample is

O =hv-AE__,
N spectra

Equation 2.12

hv =21.2 eV - photon energy, AE

spectra

— total width of the photoelectron spectra
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where hv =21.2 eV is the photon energy and AEqyccia s the total width of the photoelec-
tron spectra. To obtain AEgecra We apply a bias voltage of Upias = 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 [45] (see figure 2.13,

and also figure 2.11).

Xe ——mmm——————

&l o 5

signal

a)

170  -165  -160  -155
energy (eV)

Figure 2.13 Lower cut-off energy of the UPS spectra.
a) Pristine Au(111) substrate, b) 10 ML Xe / Au(111), ¢) 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 Er =0 eV.
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2.2.33 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 [53].
R. WILKINS et al. were able to measure the charging energy directly for isolated supported

nanoparticles using a scanning tunneling microscope [.54].

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

C

sphere = 4ree,R .

Equation 2.13

&, — vacuum permitivity , & - material constant (in vacuum = 1), R — radius of the sphere

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

QZ
Equation 2.14 E(Q) = % .

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 £le is

Equation 2.16 E.=—.

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

mesoscopic, and atomic objects.
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CAPACITANCE AND CHARGING ENERGIES

R=0.1m C=10"F Ec= 7-10% eV macroscopic
R=10°m C=10"F Ec= 7-107% eV mesoscopic
R R tomi
R=10"m C=10"F Ec=7-eV aromie
(estimation)
Table 2.2 Order of magnitude of capacitance and charging energies for spherical particles.
e

Figure 2.14 Schematic illustration of the charge process of a spherical particle.

2234 Dynamic Final State Effect

For the investigation and interpretation of UPS measurements of clusters on substrates we
have to consider the final state effects. Figure 2.15 schematically illustrates the UPS

process.
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ho e

ho

(a) (b)

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.

Figure 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. [55], [56], [57] and
[58].

2.3 Metal Island Growth

The investigation of metal islands and clusters grown on surfaces was a topic of many
previous publications. HEYRAUD and METOIS [59], 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 [31, 55, 60, and 61].

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) [62] (see 2.3.2).

2.3.1 Growth and Nucleation of Clusters on Surfaces

Figure 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. 4.1.1, p. 112) or an Evaporator with Resistive Heating (see
sec. 4.1.2, p.114) 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
A4 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 Ay, =(5.8+2.4)nm [63] 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 ef al. [64] refer
to a molecule or a small cluster of a specific size as critical nucleus, which preferentially

adheres at pit or step edges (see [31, .65, and .66]).

direct desorption

impingement

adsorption

random
walk

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 [66, 67, 68, 69, 70 and 71] deposit
metal particles electrochemically and observe in many cases decorations on top of the
steps. In contrast, some other groups in the references [59, 72, 73, and .74] observe the
nucleation below a step edge and at the bottom of a nanometer sized defect (see figure

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 [30], published within [55], 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 figure 2.8, p. 41).
We consider a cluster diameter of 1.4 times the cluster height as discussed in ref. [75].
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.

2.3.2 Mechanism of Buffer-Layer-Assisted Growth

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 ef 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 [.76]. 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. [77]

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 ef al. developed this process first to produce abrupt inter-
faces [78] and later refined the method and called it Buffer Layer Assisted Growth. [79].
We use this method to produce large clusters with several thousands of atoms as we
describe in section 4.1.5.1 (p. 125) and deposit them onto a rare gas layer (see 4.1.4.1,

p- 119). Finally, we present the results in section 5.1 (pp 132).

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 [62] 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. 2.4.3, pp 71) (yy, =0.063 J/ m®) for Xe(100) and a very
weak interaction with an adatom, giving a low interface energy v, . Therewith the condi-
tion for a three dimensional growth is always fulfilled,y, <y, +y, where y, is the sur-
face free energy of deposited material (~0.62] / m’ for Ag(111)). The nucleation and

growth takes place independent of the underlying substrate.

2.4 Size-Selected Clusters

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
3.2 (pp 78), for the deposition of size-selected clusters. We use a new high-transmission
time of flight mass selector (see sec. 3.2.3, p. 92) to generate clusters of a broad range of
cluster sizes. In this section we introduce the geometry of size-selected (2.4.1) and, in
particular, magic clusters (2.4.2.2) as well as the two main topics within the DFG priority

project, namely clusters in a free beam (2.4.2) and clusters on surfaces (2.4.3).
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24.1 Geometry

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 [75]. .

Figure 2.18 (b) schematically illustrates the model of a truncated sphere. In previous
experiments [23, 61, and 60], 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 2.2.1.2 (pp 38), 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 V,=(7-1*/3)(3-d/2-h)=1.152-1".

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

4 1Y
Equation 2.18 Vs=§-ﬂ-£5-h] =0.524-1".

h — cluster height

In solid-state samples silver atoms are arranged in the fcc structure with a lattice constant
of a = 0.409 nm [80] and four atoms per unit cell. The volume of the unit cell is a’, and

the resulting volume of a Ag,-cluster is:

3
a
Equation 2.19 Vie, = Ve n.

For a Agss cluster, e.g., the volume is V,, =0.94 nm’.
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Using equation 2.17 and equation 2.18 the estimated silver cluster height is consequently

S VA
Equation 2.20 hie, =4 152

hi o Cluster height of an Ag, cluster, calculated by using the model of a truncated sphere.

and

. A%
Equation 2.21 W, =\ “/0.504

hf\g“ — Cluster height of an Ag, cluster, calculated by using the model of a simple sphere.

respectively.
) S (b)
- v '
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 Ag, (n = 1 — 1000) clusters
versus the respective number of atoms in Figure 2.19. Table 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 2.2.1.3, pp 44). 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 Ag, clusters (n = 1 — 1000) plotted versus the number of

atoms.

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

CLUSTER HEIGHTS OF SELECTED AG CLUSTERS

ts S
hy4 =0.8 nm h,, , =2.16nm
hy, =1.05nm h},. =2.64nm
hy, =093,h}, =122nm h},, =3.11nm
b}, . =1.69nm b}, . =41lnm
Table 2.3 Calculated cluster heights of clusters deposited within this thesis (see sec. 5.2, pp .146).
24.2 Clusters in a Free Beam

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

tron spectroscopy (PES). The motivation of these studies are the characterization of the
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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 k™ shell is space for
10-k* + 2 atoms. Therefore, in the first shell is space for 12 atoms (e.g., Ags3), in the
second for another 42 atoms (e.g., Agss), in the third for 92 atoms (e.g., Agi47), etc. For all
these shells, there exist 12 atoms at the corners and additionally 10-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 (2.4.2.2).

Figure 2.20 exemplarily depicts the kinetic energy of the electrons depending on the
cluster radius according to the spherical Jellium-background-model for the Nayy cluster
[81]. 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
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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 Nay
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.

Figure 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 figure 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 /s, Ip, Id 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 Nay, cluster.

r[fm] protons

Figure 2.21 WO0OD-SAXON potential of nucleons.
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Shell | Monovalent Closed shells
1s

1p

1d

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 Na,, Nag, and Nay are also found in the mass spectrum in figure 2.23 (from ref.

[82]).

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 figure 2.23). This plot shows the intensity of the cluster signal
plotted versus the cluster mass. Clearly visible are the pronounced peaks for Na,, Nag,
Nayo, and Nasg. 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. BRECHIGNAC 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 [.83], 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. Figure 2.24 schematically depict the so-called MACKAY icosahedrons [.84] for

clusters up to 561 atoms.

2
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Figure 2.23 Mass spectrum of hot sodium clusters.

Some cluster masses, e.g., Na, (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 [.85], see also [86]).
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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 [.87, .88].

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) [.89, 90]. One can explain the deviations between ionization potential meas-
urements and calculations of Na clusters by the CLEMENGER-NILSSON-model [91], which,
in contrast to the Jellium-Model, considers the non-spherical clusters. Figure 2.25 sche-
matically illustrates the energy of the cluster depending on the distortion parameter 6. In

case of & = 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, & < 0 or 6 > 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 o [91].
The energy scale is dimensionless in order to accommodate all cluster sizes, and the zero is suppressed;
the 1s-1p energy difference at 6 = 0 is exactly h(x)o. The points on the figure indicate the position of the

highest occupied level for each cluster, at the value of & corresponding to the assigned ground state.
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243 Clusters on Surfaces

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 [61].

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 (< 10° atoms) to a mainly lateral
growth after the formation of hexagonal (111) facets on top of larger clusters (> 10* at-
oms) [75]. Electron diffraction patterns lead to the result of facets with their (111) plane
oriented parallel to the HOPG (0001) surface [55]. 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 y governs the

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

GIBBs first introduced the concept of the surface free energy y (see ref. 1, 2 in [8]), 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

"Taa

The minima in y for closed-packed surfaces correspond to a small number of different
facets defining the ECS [8]. 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., [92, 93]), experiments for the shape of pm-sized particles
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[8, 94, 95, 96, and 97] use temperatures which are high enough to achieve the ECS is
archived in a suitable time [98]. I. BARKE estimates for spherical particles at T =350° C
relaxation times 7 in the order of t© = 10 s for a particle with a radius of 1 nm, and
1=107 s for a radius of r = 4 nm [55]. Because the orientation-dependent surface energy
changes with temperature, we estimate the relaxation time again for clusters at room

temperature in section 5.4.2 (p. 179).

The anisotropy reduces with T approaching the melting temperature Ty, [96], which is
equivalent to more and more spherical particles with small facets [94, 95]. In addition, the
step energy gets more and more isotropic at higher temperatures, which results in nearly
circular facet shapes close to T, [97]. A quantitative comparison with calculations re-

quires an exact study of the ECS in a broad range of different temperatures [96].

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 [99, .100] but, using macroscopic con-
cepts in the limit of large particles, the resulting shape can be predicted using the substrate
surface and interface energy [.101, .102]. 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 [.103]

and TEM [63].

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. [75].

According to the CLEMENGER-NILSSON-model (2.4.2.3, pp 68), 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. 5.1, pp .132 and sec. 5.3, pp .156).

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 [.104].

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 [9] 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 [.105]. 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 [.106].

CHENG and LANDMANN determine the energy transfer between absorbed energy AE,
and kinetic energy of the cluster E,, [107] in a simulation of soft-landing with molecular

dynamics:
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2
. AE,, o PreCre
Equation 2.22 E
kin PcCc

Prg — Density of the rare gas layer, p. — density of the cluster, Cop ™ speed of sound of the rare gas layer,

and C. — speed of sound of the cluster.

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

the soft-landing process [.108].

Due to the high mobility of atoms and clusters on a rare gas layers (see 2.3.2, p. 58) coa-
lescence can not be excluded. To prevent coalescence, in particular during the buffer layer

desorption, ANTONOV et al. [62] use an additional capping layer (see also ref. [.109]).
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EXPERIMENTAL SETUP

3.1 Low-Temperature Surface Science Facility

‘ N ’ 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) [[110] (manufactured by the Omicron Nanotechnology GmbH [111]) (see figure
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 pye, =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 [.112] within a successful setup of an LT UHV STM. 1. BARKE extended this

setup to a home-built low-temperature sample holder (SHy1) [.113]. We use the SHy 1 to
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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 SHyt 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 [60] (see also sec. 2.2.1.2, pp 38) and allow to image the clusters,
using ex situ electrochemically etching and an in sifu preparation with heating and field-

emission sputtering [.114].

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 [19, .115].
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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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3.2 Cluster Deposition Machine

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 1.1, p. 23).

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 2.4.2, pp 62) investigated

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

The apparatus consists of a magnetron-sputter-gas-aggregation cluster-source [.116], a
differential pumping stage with a cryo-pump, and a new high-transmission-infinite-range
mass-selector [.[117]. 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.
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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) 1 stage - cluster

source, (2) 2™ stage — cryo-pump, and (3) 3" stage — mass-selector.

3.21 First Stage — Magnetron Sputter Source

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 [116]. The drawing in figure 3.29 shows a sectional-view of the
cluster source chamber. A turbo molecular pump (TPS) (TURBOVAC TW 701,
LEYBOLD vacuum [.118]) evacuates the source chamber (SCH) (see figure 3.29 (1) and
figure 3.30). The final pressure in the source chamber is 4.8-10" mbar without gas load
and between 8.8-107 mbar and 2.7-10” mbar with gas load (depending on the Argon
(Ar) / Helium (He) flux ratio). The pumping speed for Nitrogen (N,) and Ar is
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680 Ixs"and for He 530 1-s"'. The chamber contains a liquid nitrogen (LN,) cooled

aggregation-tube with a movable magnetron-sputter-discharge head (11).
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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 LN, flux control system

that we build within this work. Figure 3.31 shows a schematic diagram of the control

system.
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@ control

Figure 3.31 Schematic diagram of the automatic LN, cooling system setup.
N, — Nitrogen bottle, PG- pressure gauge, Vo — stop valve, V| — electrical valve, LN, — liquid Nitrogen

tank, SCH — cluster-source chamber, and T's_ cluster source temperature.

A pressure gauge connects the N, bottle to an electrical valve V1. A simple stop valve V,
connects the valve Vj to the LN, tank. We then connect the LN, 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 V| and applies a pressure to the LN, tank, to in-
crease the LN, flux, and cool the cluster source. The LN, 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 LN, prevents overheating
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of the magnetron cathode for high powers from 5 to 20 W. Furthermore, the LN, 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 figure 3.30 to that in figure 3.33. We operate a
5cm diameter magnetron-sputter-discharge cathode K at a pressure in the order of
107 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
®,,.=200 sccm (sccm’ — Standard Cubic Centimeters per Minute) and @, =80 sccm for
small clusters (n = 1-70), and ®,,, =100 sccmand ®, =100 sccm for larger clusters

(n=10%).

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 1, 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 1 and are focused by the ring I 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.

3 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 [.119].

This coin consists of 99.9 % pure silver. .

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. [.120].
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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, IN: magnetron-sputter-discharge head, C: condensation region, {: target, a:

aggregation tube, 1: iris, S: skimmer, T ring.

3.2.2 Second Stage — Cryo-Pump

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 figure 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 Dy, and

guide them through the field free region inside the cryo tube tg before they leave the
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chamber again towards the mass selector chamber (see figure 3.29 (3) and enlarged in

and figure 3.37).

The turbo molecular pump of the cryo-pump chamber (TPC) (VARIAN TV301 Navigator
[121]) provides a final pressure of p..=4.6x10"mbar without gas load and operating
cryo-pump. The pumping speed for N, is 280 1-s" and for He 230 1-s™. In this machine
we use the dual stage cold head H Coolpower 5 / 100 T of the manufacturer LEYBOLD
[118] to freeze out Ar and other impurities (especially water (H,O)) coming out of the
cluster source (for a detailed drawing see figure 7.92, appendix 7.2). We measure tem-
peratures for the first stage St; and the second stage Sty of about Tsr, ~10K and
Tst, ®30K while operating the cluster machine. Theses temperatures can vary slightly
depending on the gas load and / or the thermal coupling of Stj; to H (see discussion of the
Boron Nitride foil below). A performance test shows that the temperatures Tgy, and Tgr,
reach their respective values in approximately 2.5 h (see figure 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 T (temperature
Tsr, ) and even at the outer shielding S, (temperature Ty, ). Consequently, it freezes out
H,0 and other impurities. Hence, with an operating cryo-pump the final pressure in the
CCH is po.=4.5-10"mbar without, and in the order of 10*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 AS;.3. One of them is visible in figure 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 D,y in the following chapter in more detail.
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Figure 3.34 Temperature of the 1* and 2™ cold stage of the cool head.

(m) Tgy — Temperature of the 1% (outer) cooling stage ST; measured by a thermocouple, (@) Tg; — meas-

ured by a Si-diode, and (A ) Tsy — Temperature of the 2™ 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, Dyy: x-y-deflector plates, TPC: Turbo Pump, H: cool head, So:
outer shielding, Sty: first stage of the cool head H, tc: cryo tube, STy;: second stage of the cool head H,

AS;: one of the three adjusting screws.
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3.2.2.1 Ion Optics

The combination of four electrodes A, A,, Az, and V; represent three electrostatic
lenses. By changing the voltages of A to Az, one can focus or defocus the beam, respec-

tively, while the floating Voltage V= -500V remains constant.

Our collaborators in Freiburg use the ion optics simulation program SIMION [.122] for
the simulation of the trajectories of the clusters. Figure 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 figure 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 A to A3 can only change the focal point of the cluster beam, the
x-y-deflector plates Dy, are extremely important for beam alignment. Figure 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 ( Ugoat. voir. = -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 .
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 Fgy (manufacturer
KERAFOL" [123]) to guarantee a good thermal conduction as well as electrical isolation as

well (see Fpy in figure 3.37). The isolation foil is the main reason for the temperature



90 CHAPTER 3 EXPERIMENTAL SETUP

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 (D, of figure 3.35)
The cluster beam (grey filled cone) enters the deflector plates perpendicular to the front panel of the outer

cryo shielding (S¢), which is mounted to the first stage (St;) of the cool head.

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 figure 3.38. In cluster beam direction (grey doted arrow) from rightmost to the
left: skimmer s, acceleration electrodes A to As, floating voltage electrode Vi, x-y-deflector Dy, cryo tube t,

mounted to the 2™ cooling stage St; of the cool head H, electrically decoupled but thermally coupled by an
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Boron Nitride (BN) foil Fgy, outer shielding (1% cooling stage) ST, and turbo molecular pump in the cryo-pump

chamber TPC.

+110V

(a)

Figure 3.38 SIMION®™ [122] 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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3.23 Third Stage — High-Transmission Mass-Selector

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 ef al. [117] 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.

Figure 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 [121]). The final pressure with gas load, without baking out, is
Pus=3.8-10" mbar . After a moderate bake out of the MCH and utilizing copper rings in
the CF flanges the minimum pressure is p,,=1.1-10" mbar. The pumping speed for N, is

280 1-s'and for He 230 1-s™.

The cluster beam enters the MCH from the right upper flange through the first electrode
Et. This electrode focuses the cluster beam to the so-called FARADAY cup electrode FC;,
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 3.2.5. 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 FC;. 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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1 =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 I = 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 Ag; to almost unlimited

size.

Figure 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 T4. The waiting time Ty, 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 Ty, + Tp. One can use this to deter-
mine the transmission through the mass selector. Every Ty, + Tp, an ion package of the
length 1 is transmitted through the mass selector. During this time an ion package of the
total length lp = (Tw + Tp) Vo has entered the selector (Vo — velocity of the ions). There-
fore, the theoretical transmission efficiency for the selected mass is T =1/ 1,. 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 Ty, Ty, and

Tq are integer multiples of the period of the frequency generator. The real times are there-
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1 1 1 . . .
fore Ty, . T, Tp - f, and Tq. T, where fis the frequency. For a detailed calculation of

the parameters, see ref. [117].

We can calculate the selected mass m with equation 3.23

U 1
g ) g

Equation 3.23 m=
e — elementary charge, U, = 863 V — pulse voltage, x = 0.1 m — total displacement (see X in figure 3.39),

d; = 0.04 m — plate separations.

To obtain the cluster mass in amu, one has to divide the result of equation 3.23 by the

mass of a proton (1.67-10%" kg). For a detailed derivation, see ref. [120].

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 3.2.5.

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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T v FC, K- g oo L E N----

Figure 3.39 Cross sectional view of the mass selector.
Eg: focus electrode, AP: acceleration plate, AR: acceleration region, TPM: Turbo Pump in the Mass-
selector chamber, L: Laser, DP: decceleration plate, DR: deceleration region, FC;: FARADAY Cup I,

x: total displacement, d,: 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 figure 3.39).
Tp: pulse length, Tq: drift time between acceleration and deceleration pulse, Ty,: time between consecu-

tive acceleration pulses.

3.24 Deposition Optics

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 V¢p (see figure 3.41)
that we attach directly to the flange of the preparation chamber. Hence, V¢p 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
and insert it in the below-tube-below construction. We use a TEFLON isolation ring to
guide the movable tube and use the connector Uy, 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 € of the mass
selector flange as well as into the tube of the deposition electrode Dy4. The potential of Dy

is identical to the one of the movable tube that is close to the floating voltage
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U, . =-500 V. By changing the potential of t,, or D4, we can strongly focus the cluster

float.
beam, because the gap between D3 and Dy represents a strong electrostatic lens (see

figure 3.38).

We present an enlarged view of Ds in figure 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 D, and D, focus the cluster beam through the small aperture at the

end of D directly towards the sample.

The LT and the heatable (SHy) sample holder themselves can be biased up to + 800 V.

This is important for the cluster deposition with varying kinetic energies (see 2.4.3.1,
p-73).

We summarize working sets of parameters for all applied voltages starting with Ui,
Ulis, and Ugimmer proceeding with the voltages of Aj to A] 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 7.3.
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Figure 3.41 Cross sectional view of the deposition optics.
Cry: Channeltron I, e;: exit tube, Uy, high voltage connector for the movable tube, t,,: movable tube, Vcp: valve
between cluster machine and preparation chamber of the SSF, D, to D;: deposition optics, y./y., y-deflector

plates, SHy 1: 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.

3.2.5 Cluster Current Measurements

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 [117].

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 figure 3.37 or full-sized view

in appendix 7.1, p. 193).

(2) We optimize the He to Ar flux ratio together with a suitable source power to the

desired cluster size (see 3.2.1, pp 80).

(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

Lskimmer = 100 - 200 nA.

(4) We measure the cluster current at A; - first electrode inside the cryo chamber

(see figure 3.37) - while tuning the skimmer potential.

(5) We optimize the cluster current at A, Az and the floating voltage electrode,

while we adjust A, A and As;.

(6) We adjust the x-y-deflectors to maximum current at the cryo tube t. (see figure

3.37). A typical cluster current at t is in the order of several tens of nA.
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(7) We use the so-called FARADAY Cup I (FC) for the final optimization of the fo-

cus within the mass selection process.

(8) We adjust the focus electrode Ey that allows us to focus almost the whole cluster
beam through the small hole at the end of the mass selector to FC; (see figure
3.39). A typical current at the FC; is Ircr = 20 nA.

(9) We make use of one of the Y-deflection plates (see figure 3.43) mounted directly
behind the exit aperture of the mass selector inside the exit tube €; (see figure
3.39 or figure 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. Figure 3.48

shows a mass spectrum taken at the upper deflector plate.

(10) We detect the cluster current at the movable tube t,,, 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 t, could differ

from that of Dy.

(11) We adjust the electrodes D3, Y4, and y_. Figure 3.42 shows a cross sectional
view of the electrode D5 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 D, and D, according

to the same procedure as, for example, the electrodes A to Aj.

(13) We measure the cluster current directly at the sample position with a second

FARADAY Cup (FCyy). The FCyj consists mainly of two hollow stainless steel cyl-
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inders electrically isolated from each other (see figure 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 FCy; 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 [120] that provides a detailed description. Figure 3.44

depicts a mass spectrum measured directly at the sample position.

Figure 3.43 Enlarged view of the area behind the mass selector.
Changing the deflector plates potentials Diop and Dyottom bents the cluster beam (grey filled line) up-

wards into the first channeltron CTj.
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Figure 3.44 Directly measured mass spectrum of Ag;o to Agz.

We use the small hole of FCy; 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 FCy; 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 FCy 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 Agssszio4 clusters. Decreasing the waiting time Ty, leads in general to a higher
transmission and consequently to a higher cluster ion current. Nevertheless, one should

not set Ty, 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 figure 3.45 ).
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Figure 3.45 Directly measured mass spectrum of large cluster sizes using a too short waiting time .

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.

Figure 3.46 shows an example of a mass spectrum of large clusters, which we measured
with the FCy. 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,

Agr130:21, as we display in figure 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 Ag;30.2; in table 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 FCj,.

CT\;: Channeltron II, OB: Outer box of FCy;, IB: Inner box FCy;.
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Figure 3.48 Directly measured mass spectra of Agjoto Ags.

Mass resolution m / Am = 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 [.124]. Operating the channeltrons at a

voltage of ~3000 V increase the current by a factor of the order of 6-10.

We mount the first channeltron CT; directly behind the mass selector (see figure 3.43) and
the second one together with the FARADAY cup FCj; at the extension rod of the manipula-

tor (see figure 3.47).
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We use CT; 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 (Dyop) and the lower (Dpgtiom) deflector plate.

The channeltron multiplies typical cluster currents of a few pA to several tens of pA.
Figure 3.49 shows a typical multiplied mass spectrum taken right behind the mass selector
(see figure 3.43). The grey line represents a GAUSSIAN multi peak fit for the calculation of

the mass resolution. For details, see ref. [120].

We operate the second channeltron in the same way. Figure 3.50 displays a typical mass

spectrum, measured using CTy; 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 CT;.

Mass resolution m / Am = 68.
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Figure 3.50 Multiplied mass spectra measured with the second channeltron CT),.
Mass resolution m / Am = 55.
CLUSTER ION CURRENTS
Ag13 90 pA Ag561 58 pA
Ag4o 20 pA Ag923 30 pA
Ag55 93 pA Ag1415 12 pA
Aggo 67 pA Ag1851 21 pA
Ag147 92 pA Ag2129 1 pA
Ag309 85 pA Ag3333 12 pA
Table 3.4 Typical maximum cluster currents obtained for different masses as de-

tected directly at the sample position with FCy;.






Chapter 4

SAMPLE PREPARATION

I 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 Cgy 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.
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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 Cg on a silver single crystal).

4.1 Evaporators

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 Cg functionalized surface.

4.1.1 Evaporator with Integrated Flux Monitor

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 chapter 3,
p. 75) 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 [.125] 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 I., at a voltage of 800 V). A part of this flux is collected in the orifice of the
evaporator (Ia, ), and similar to the function of an ion-flux pressure gauge [.126] the
evaporation rate is then given by «- I/l With & 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 x for a new evaporant. Nevertheless, in this way

the accuracy in calibrating x 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 Ip./lem, €.g., due to space charge effects for high
electron or ion currents. For the exact calibration of x 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 (100x100) nm” 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 figure 4.51 we show an STM image® after gold was evaporated for 20 s with
m=29 mA and Inx =10 pA . 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 x of about x =33 ML/s. 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 7' =273 Kon Au(111). The STM image shows a

coverage of (0.23 + 0.01) ML gold.

(Utunelling =1.12V/ Itunneling =0.098 nA )

4.1.2 Evaporator with Resistive Heating

To evaporate the Cqo 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 Cq, we heated a poly-crystalline Cy powder manufac-
tured by the MER Corporation [.127] 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 Cg typical parameters are [=2 A and U=4V

for approximately 5 minm which corresponds to a crucible temperature of 470° C [.109].

Reference [109] describes further details of the ERH construction as well as a detailed

description of the calibration process using a quartz-microbalance.

4.1.3 Sample Substrate Preparation

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
Ceo, 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 [30, 36, 40, and .128]). 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 (pAna = 2-10*12mbar) 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 [.129], which is clearly
visible in the UPS spectra in case of a clean surface. Moreover, we can use the

23x3 Au(111) surface reconstruction as indication for a bare and clean substrate [.130].

In case of the experiments for lead clusters on Au(111) or gold clusters on Pb(111), re-
spectively (see sec. 4.1.5.1, pp 125), 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 [.131].
Nevertheless, later experiments indicate that this routine is not necessary, because the

sputtering removes enough surface material to remove the impurities.

Table 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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Energy [eV] Temperature [°C] TIME [min.]
1¥ sputtering 1000 eV RT 60
1* annealing - 500 60
2" sputtering 1000 eV RT or (150 K) 60
2" annealing - 400 60
Table 4.5 Parameters for the preparation of the Au(111) surface.

The Ar pressure during the sputtering process is always p, =2.0- 10 °mbar , which results commonly

in a corresponding sample current of I ~ 21A . (for further details of sputtering see [32])

sample

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 T, ,, = 327.46 °C, one has to be very careful
while heating the sample close to this temperature. Table 4.6 summarizes the typical

parameters.
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Energy [eV] Temperature [°C] TIME [min. ]
1* sputtering 1000 eV RT 40
1* annealing - 220 60
2" sputtering 1000 eV RT or (150 K) 40
2™ annealing - 200 60
Table 4.6 Parameters for the preparation of the Pb(111) surface.

The Ar pressure during the sputtering process is always p, =2.0- 10°mbar , which results commonly

in a corresponding sample current of I ~ 4 pA (for further details of sputtering see [32]).

sample

4.1.3.3 Graphite Substrate

The last substrate used in these experiments is a Highly Oriented Pyrolytic Graphite
(HOPQG) 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 [.132]), 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.
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The HOPG has a polycrystalline structure with crystals of varying sizes, typically several
um 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 [.133].

In the following experiments a freshly tape cleaved HOPG sample is prepared under
UHYV 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. [.134].

4.14 Preparation of Buffer Layers and Functionalized
Surfaces

Except for clusters deposited directly onto an HOPG substrate with high kinetic energy
(see sec. 5.1, p.132) we used buffer layers for different reasons. In cases of large grown
(see sec. 5.2) and large size-selected (see sec. 5.3) 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. 5.1, pp 132). In case of deposited size-selected
magic silver clusters, we produced one monolayer Cg onto the Au(111) substrate. The
Ceo layer is well suited for the cluster deposition at room temperatures due to two reasons.
On the one hand, a Cg 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 5.1).

4.14.1 Controlled Rare Gas Layer Adsorption

To investigate cluster / rare gas / substrate systems, as discussed in section 5.2, 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 5pi» and Spsp-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 [.135] and the quantum well states for larger film thicknesses [52]. Figure 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 - 107 mbar for a time t = 2450 s. The sample temperature during the ad-
sorption was Tsmple = 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 5p;,; - peak of the
first monolayer increases and finally decreases again. In equidistant time intervals 5p;.-
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 - 107 mbar at a temperature T = 30 K. We obtained the exact xenon layer thickness from the characteris-
tic UPS spectra for the 5, signal of Xe for one to five ML xenon coverage and an extrapolation of the adsorption

time for larger film thicknesses. In addition, the 5,5, 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. 5.4, pp 159), we choose an alterna-
tively prepared substrate. As mentioned above it turns out, that 1 ML Cg 1s well suited for

the deposition of size-selected clusters at room temperature.

We evaporated 1 ML of Cgy 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 Cg / 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 Ceo
islands [136]. Figure 4.53 shows an STM image of 1 ML Cg¢ on a Au(111) substrate
prepared as described above. We imaged the sample at a temperature of Tsym =77 K and
found perfectly ordered Csp molecules in this (300 x 300) nm? large STM image. We also
observe several (100 x 100) nm? up to (200 x 200) nm? islands with an identical height of
approximately 1 nm. The pattern visible in the enlarged view of the Cgy functionalized
Au(111) surface in figure 4.53 is due to two different orientations of Cgp molecules with

respect to the gold surface [.137,.138].

1,69 A
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Figure 4.53 STM image of 1 ML Cgy on a Au(111) substrate.

The inset shows a line profile of a C¢ step edge. (Uwnetiing = 2 V / Liunneiing = 0.03 nA).
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Figure 4.54 Enlarged view of a Cg, covered gold surface.

The inset shows a line profile of an underlying gold step edge. (Uwneiting = 2 V / Liunneting = 0.139 nA).
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Enlarged view of a Cg, covered gold surface.

Figure 4.55
(Bottom) line profile of Cgp molecules. (Uwnetiing = 0.1 V / Lunneiing = 0.254 nA).
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4.1.5 Clusters on Surfaces

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. 4.1.1 p. 112, also published in [75]).

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. [.139]. After-
wards we performed UPS measurements at 10 K. Then we investigated the cluster mor-
phology with STM at 7' =5 K. 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 3.2 (p. 78) 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. 3.2.5.1, p. 100). Afterwards, we remove the FARADAY cup and place the

sample holder in front of the last deposition optic D; (see figure 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 figure 3.39). If we have aligned the setup accurately, the Laser

spot is clearly visible on the sample (see figure 4.57).

We biased the sample holder, usually the LT-sample-holder, either to -800 V for the
deposition with high kinetic energy (see 5.1, p. .132) 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.

Figure 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 3 cluster current decreases at approximately +17 V (see symbol e in
figure 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., T 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 A in figure

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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u decelerate [V]
Figure 4.56 Cluster ion current for Ag", 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 Aga
clusters. We measure approximately 5 pA cluster ion current at the sample position. This

results in:

1C W C
Equation 4.24 1A = - = SpA=5-10" "

The clusters are single charged and carry the elementary charge e=1.6-10""C, which

results in
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-12
42 5100

S o107 C =3.1-107 ions/s.

Equation 4.25

We estimated the deposition spot area by using the second small hole of the FCy; (see
inset picture in figure 3.47) as follows: We start outside the beam where we do not meas-
ure any cluster current. Than we move the FCy with its small hole until a very low cluster
current is measurable. We mark the position of the FCy;, 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 (2-10f3m)2. A suitable image size for STM measure-
ments is an area of (100-100)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:

-14__ 2
m

3.1-107 ions/s-

: ~=7.5-10"ions/s < 13s/ ion
Equation 4.26 (2 1073 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., Agso, which consequently leads to shorter deposition intervals. (see also

typical maximum cluster currents in table 3.4)
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Figure 4.57 Picture of the heatable sample holder SHy 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 ¢ of the sample is about 84° that

is almost perpendicular to the cluster beam axis.






Chapter 5

RESULTS AND DISCUSSION

I 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 Cgp), 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 5.1, we will present and discuss first our photoemission
studies of the so-called free clusters on surfaces. After that, we will proceed in section
5.2 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 5.3, we
present our results of large size-selected silver clusters on rare gas layers and in section

5.4 the deposition of silver clusters on a Cg functionalized gold substrate.
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5.1 Photoemission Studies of Free Clusters on Surfaces

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 2.4.3.1, pp 73) 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.

5.1.1 Asymmetric Sample Systems

In this section, we start presenting the asymmetric cluster / rare gas / substrate systems:
e Au/10ML Xe/Pb,
e Au/60ML Xe/Pb, and

e 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.



5.1 PHOTOEMISSION STUDIES OF FREE CLUSTERS ON SURFACES— 5.1.1 ASYMMETRIC SAMPLE

SYSTEMS 133

Figure 5.58 and figure 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) nm”® 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 [60]. 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 ef al. [62] 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. (Uwneiting = 1.3 V / Trunneting = 10 pA).
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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 (Ugneliing = 1.5 V / Liunneling = 20 pA)

(Utunneling = 15 V, Irunneling: 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 5p;,-peak to lower ener-
gies. Figure 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 figure 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 figure 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 figure 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. 2.2.3.1, pp 49) [49, 51].
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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), ¢) 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: ¢) 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 ®p, < ®,, 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 @ 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 ® 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 Ep 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 E,,pb) of the Pb(111) substrate. This is similar to
the behavior of the Xenon 5p;, and 5ps/, signals, which is the basis of PAX. In this way
the existing work function difference A® between @4, and Dpy, leads to a shift AE 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 [77, .140]. 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 [.141] or due to lattice strain
[.142]. 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 figure 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 AE in our UPS spectra in analogy to Photo-

emission of Adsorbed Xenon (PAX) (see sec. 2.2.3.1, p. 49 and ref. [52]).
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Figure 5.62

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.

we try to confirm the explanation of the shifts due to the work function differences

b

Next

by investigating the inverse asymmetric system Pb on 60 ML Xe on Au(111). Here, we

expect a large positive shift AE because of ®p, < ®,,. Indeed, figure 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 figure 5.61 schematically depicts. The
right hand side shows the Au(111) substrate referenced to the FERMI energy Er 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 Eyacayy of the Au(l111) substrate. The work function difference
AD = Dpy, - Dy, leads to a shift of the lead-cluster FERMI edge to higher energies, because
of @pp, < Dp,. To compare both asymmetric sample systems, figure 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) [11, 56, 57, and
143]. In both cases, the contribution of this charging energy is negative. However, in the
case of Pb/Xe/Au the observed absolute shift is A® - E¢c compared to A® + E¢ 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 figure 2.13 are 5.44 eV and 4.05 eV, respectively. This would

correspond to the work function difference of A® =1.4¢eV .

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) [.144] 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 figure 2.13).
This agrees with the observation that the work function change saturates after a few
monolayers [.145]. The work function difference changed only slightly after the Xe ad-

sorption.
A(I) = (I)Xe/Au _q)Xe/Pb ~50eV-39eV=~l1.1eV.

This is smaller than the size of the A® - arrows in figure 5.64. With A® = 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.

5.1.2 Symmetric Sample Systems

In case of the symmetric sample systems Pb/Xe/Pb and Au/Xe/Au, we expect no large

work function difference

AD =0 ~0.

clusters = substrate

It is not a priori clear whether we have to take @ 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 A® in the order of 0.3 eV. Similar variations have
also occurred for @gypsmate in different experimental runs, e.g., with different preparation
procedures. However, this does not change significantly the cluster-induced shifts as
figure 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 Er=0 eV which one cannot explain by Ec but may be due to contributions

with A® < 0.
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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(l11), 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: ¢) 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 ®,, > ®@p, 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 figure 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 5pi»-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.

.illll*lE§H
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Figure 5.64 Shift of the FERMI edge due to the work function difference A® (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 A® = 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 5p;,-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 [.146]. 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) [146]. Differences for the charge transport in
films of the different rare gases were studied in the past, e.g., with photoelectron spectros-
copy [.147]. 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
Spin-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 Aw/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 A® = 0. (Bottom) FERMI edges for different amounts of gold on 60 ML

xenon / Au(111): a) 0.7 ML, b) 1.0 ML, ¢) 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.

5.2 STM Studies of Small Size-selected Clusters on
HOPG

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 4.1.3.3 (p. 118) 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. [104].

5.2.1 Experimental Results

We deposited the cluster sizes Ags, Agss, and Aggp at room temperature (RT) onto the
freshly prepared HOPG sample (see sec. 4.1.3.3, p. .118) with a rather high kinetic energy
of about 800 eV and investigated them at 77 K with the STM.

5.2.1.1 Agy / HOPG

First, we optimized the cluster machine, in order to deposit the mass of Agsg (4126 amu).
We measured a cluster ion current of about 6.3 pA. Therefore, a deposition time of
tp=20 min is suitable to produce approximately 100 clusters per SPS (see calculation of
clusters per area in section 4.1.5.3, pp 127). 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.

Table 5.7 summarizes the relevant deposition parameters. The whole parameter set

appears in the appendix (see table 7.16, appendix 7.3.1, p. 199).

3*” DEPOSITION — AG4y CLUSTERS / HOPG

Deposition time tp [min.] 20 Power Pgoyree [Waltt] 5
Sample bias Ugampie [ V] - 800 Temperature Tsample [°C] RT
Frequency f [Hz] 223569.70 | Waiting time ty, [ps] 2
Cluster current I,q (before
Mass m [amu] 4126 deposition) [pA] 6.3
Flux ® Ar/He R0 /200 Cluster current g (after o
[sccm/scem] deposition) [nA]
Table 5.7 Deposition parameters for the sample system Agy, on HOPG.

Figure 5.66 shows an STM image of the Agsq 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 [30], we estimate
cluster heights in the order of 0.8 nm (for a detailed calculation see section 2.4.1, pp 60).
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 figure 5.67).
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Figure 5.66 STM image of Agy, clusters deposited onto an HOPG substrate.

(Utunelling =15V/ Itunneling =0.01 HA)

26.66 A

defects below 1
clusters

|
0 10 20 30 40 50 000A
X[nm]

Figure 5.67 Defects became visible after the displacement of the Agy, clusters by the STM tip.

(Utunelling =15V/ Itunneling =0.01 HA)
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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. 3.2.5.1, p. 100).

52.1.2  Agss/ HOPG

Analogous to the experiment mentioned in the previous section, we deposited the Agss
clusters onto the HOPG substrate. The most relevant deposition parameters summarizes
table 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 Agss clusters, therefore

we chose again a deposition time of 20 min.

Figure 5.68 represents a typical STM image of the Agss / HOPG sample. We see no
single clusters on step edge free areas, because the clusters aggregate either to larger
islands of partially coalesced Agss clusters (see figure 5.68), or adhere partially coalesced
at step edges. We estimate cluster heights for Agss clusters in the order of 0.9 nm accord-

ing to equation 2.20:
hjgss =3 VAgss /1152 =0.93nm .

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 Agss cluster, with cluster fragments.

The height of the aggregated clusters we observed on step edge free areas (see figure
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 figure 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. [104], where they find out a pinning threshold at a kinetic energy of 10 eV

per atom.

4™ DEPOSITION — AGss CLUSTERS / HOPG
Deposition time tp [min. ] 20 Power Pyouree [Waltt] 5
Sample bias Ugampie [ V] - 800 Temperature Tsample [°C] RT
Frequency f[Hz] 186267 Waiting time t,, [us] 3
Mass m [amu] 5048 Clust.e.r current g (before 548

deposition) [pA]

Flux @ Ar/He Cluster current I,4 (after
[sccm/scem] 80/200 deposition) [nA] 2.6

Table 5.8 Deposition parameters for the sample system Agss on HOPG.
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Figure 5.68 STM image of Agss clusters deposited onto an HOPG substrate.

(Utunelling =18V/ Itunneling =0.01 l'lA)
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Figure 5.69 STM image of Agss clusters deposited onto an HOPG substrate.
(Bottom) Line profile of some clusters (a) = 2.77 nm, (b) = 2.29 nm. (Uwneiting = 1.8 V / Lunneling = 0.01

nA).
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52.1.3  Agg / HOPG

For the last experiment within this deposition series we chose Ags clusters. An overview
of the deposition parameters displays table 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 figure 5.70. The geometrically calculated

height for Agg clusters is

-
higy =3 152 =106

The measured cluster height, lies between 2 nm and 3.5 nm, which are significantly

higher than the calculated.

5™ DEPOSITION — AGgyg CLUSTERS / HOPG

Deposition time tp [min. ] 20 Power Pyouree [Waltt] 5
Sample bias Ugampie [ V] - 800 Temperature Tsample [°C] RT
Frequency f [Hz] 154585.10 | Waiting time ty, [ps] 3
Mass m [amu] 8649 iﬁiﬁﬁg;ﬁg{i?t Ipq (before 3.4
fsoemseem] 80/200 || (et ho ot

Table 5.9 Deposition parameters for the sample system Aggyon HOPG.
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Figure 5.70 STM image of Agg, 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 ¢ =2.1 nm. (Ugpeliing = 1.4 V /

It‘unneling = 001)
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5.2.2 Discussion

These first deposition experiments represent a successful performance test of the setup of
the cluster deposition machine. We imaged Agy 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 Agy clusters by the STM tip. The second (Agss) and the third
(Agso) sample show neither pinned clusters nor defects. We gather from this observation,
that already the kinetic energy of Agss with 14.5 eV is not high enough for the cluster

pinning. With this, we can verify the threshold behavior for pinning from ref. [104].

The coalesced Agss and Aggo 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 Agss clusters:

<
Agss < hAg4o hAggo

Furthermore, only for Agss clusters we observed some areas where their height remains
almost constant (see figure 5.69). This may indicate the formation of islands of aggre-
gated clusters due to the closed shell geometric structure of Agss, which exhibit, like other
magic cluster sizes (see sec. 2.4.2.2, pp 66) a very high stability (see also, e.g., [.148]). 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 Aggy clusters with respect to the step edge is interesting. As
we discussed in section 2.3.1 (pp 56) grown clusters prefer a position overlapping the step
edge (see figure 2.17 (c) and ref. [30] published within [55]). Nevertheless, the Agsgo
clusters lay exclusively below the step edge, which is clearly visible in figure 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-SCHWOBEL barrier [.149,.150, 151, 152, and
153] does not stop the movement of Agg clusters, in contrast to, e.g., Agss clusters (see
figure 5.68) or grown clusters in nanopits (see sec. 2.3.1, pp 56) 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.

5.3 Spectroscopy of Large Size-Selected Clusters on Xe
on HOPG

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.

53.1 Experimental Results

In contrast to the cluster / rare gas / substrate systems, we presented in section
4.1.5.1 (pp 125) 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
4.1.3.3 (pp 118). 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 Tsumpie =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 figure 5.71 (a), which we used to attach the HOPG sample to the
sample carrier (see figure 4.57, p.129). Afterwards, we adsorbed approximately 10 ML

Xe onto this sample using the controlled rare gas adsorption we explain in section 4.1.4.1
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(pp 119). We could not adsorb more than 10 ML Xe due to the weak thermal coupling of
the HOPG to the sample holder, and consequently Tsmple > 30 K. As we display in figure
5.71 (b) the bare xenon film shows as usual no structures at the FERMI edge. Finally, we
deposited silver clusters of the size Agsi30:21 onto the xenon covered HOPG substrate
with the parameters collected in table 5.10. After that, we observed a slightly shifted,
rounded silver cluster FERMI edge, which shows figure 5.71(c). We discuss this result in

the next section.

9™ DEPOSITION — AGyj30 + 21 CLUSTERS / 10 ML XE / HOPG

Deposition time tp [min. ] 30 Power Pyouree [Waltt] 5

Sample bias Ugampie [ V] -50 Temperature Tample [K] 30

Frequency f [Hz] 30092.9 Waiting time ty, [ps] 16.62

Mass m [amu] 230000 Clus‘ge; current Ipg (before 0.98
deposition) [pA]

Flux ® Ar/He 85.8 /136 Clust'e'r current I,q (after 0.88

[sccm/scem] deposition) [nA]

Table 5.10 Deposition parameters for the sample system Ag,30; on 10 ML Xe on Au (111).

The entire parameter set is displayed in table 7.23 (sec. 7.3.8, p. 206)".



158 CHAPTER 5 RESULTS AND DISCUSSION

I ' I ' I ' I
—Ag’,,,,.., | Xe |HOPG

Xe | HOPG 7
tantalum foil 7

signal

15 10 -05 0,0 0.5
energy [eV]

Figure 5.71 UPS spectra of Agyi30:21 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 Agj 302 on 10 ML

Xe on HOPG.

5.3.2 Discussion

The slightly shifted and rounded cluster FERMI edge we observe in the UPS spectra of
Agr130421 clusters on 10 ML Xe on HOPG are already well known from former experi-
ments with clusters produced by metal island growth (see sec. 5.1.1.1, pp 132). 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 Vg of a simple sphere, by assuming an fcc-closed-packing of the silver
atoms within this sphere with equation 2.21. The cluster height is approxi-
mately hug,,, =4.1nm 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. 3.2.5,
table 3.4, p. 109). Therefore, in future we will be able to deposit large size-selected clus-

ters on rare gases at optimized conditions.

5.4 Geometric Magic Silver Clusters on Cgy on Gold

In this section, we present results of deposited size-selected clusters. We restrict ourselves

to investigate exclusively geometric magic silver clusters (see 2.4.2.2, p. 66).

We learned from the results in the previous sections, that depositing on HOPG would not
work for cluster sizes larger than Agss 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 Cgy monolayer causes the Ce to
be retained on the surface at temperatures where the Cgy alone would desorb. This pro-
vides the first indication of a chemical interaction between theses two materials [.154].
They conclude that metallic Ag donates electrons into the LUMO of adsorbed Cgp mole-
cules, resulting in a metallic conduction band. This reaction is restricted to those Ceg
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 Csp molecules (see figure 4.55) is
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geometrically more suited for at least small clusters than HOPG. Therefore, we use in the

following a Cg functionalized Au(111) surface.

54.1 Experimental Results

The sample substrate we use within these experiments is a freshly prepared Au (111)
crystal as we describe in section 4.1.3.1. After the evaporation and annealing of 1 ML Csy,
we deposit the geometric magic cluster sizes Ag, (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 5.4.2.

54.1.1  Agss/1 ML Cg / Au(111)

We deposit the Agss clusters at approximately RT for a time t; = 10 min, with a cluster

ion current of I,; = 67 nA (see table 5.11).

Afterwards in the STM images, we observed clusters with an extremely narrow height
distribution (see figure 5.72 and figure 5.73) of (1.7+0.2) nm. This average height

slightly differs from the estimated cluster height for Agss clusters of /., =1.2nm.

For this sample, we imaged several SPS areas at different macroscopic positions within
the deposition spot. Figure 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. 4.1.5.3, pp 127) 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



5.4 GEOMETRIC MAGIC SILVER CLUSTERS ON C60 ON GOLD— 5.4.1 EXPERIMENTAL RESULTS 161

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 figure 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 2.4.1 (pp 60) 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 Uupeliing = 0.74 V and for clusters taken at Ugpeiiing = 0.5 V and did not observe a

significant change in the height histograms [109].

Before we discuss and interpret these results in section 5.4.2, we present further magic

clusters sizes in the next sections.

13™ DEPOSITION — AGss CLUSTERS / 1 ML Cqgo/ AU(111)

Deposition time tp [min. ] 10 Power Pyouree [Waltt] 14
Sample bias Ugampie [ V] -5 Temperature Tsamplc [°C] 45
Frequency f [Hz] 185924.4 | Waiting time ty, [ps] 27
Mass m [amu] 5980 gelp‘iitizz;)u[gi?t Ipq (before 67
Flux ® Ar/He 383 /100 || Cluster current Iog (after N/A
[sccm/scem] deposition) [nA]

Table 5.11 Deposition parameters for the sample system Agss on 1 ML Cgy on Au (111).
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Figure 5.72 Agss deposited onto 1 ML Cgy on Au(111) substrate.

(Utinelting = 0.49 V / Liynneling = 0.42 nA).
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Figure 5.73 Height distribution of Agss deposited onto 1 ML Cg on Au (111) substrate.
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| Au(111) |

Figure 5.74 Four different macroscopic locations within the deposition spot of Agss clusters on
1 ML Cgp 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 figure 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 Agss clusters on 1 ML Cg on Au(111).



166 CHAPTER 5 RESULTS AND DISCUSSION
5.4.1.2 Ag147 /1 ML C60 / All(lll)

Ag47 represents the next magic cluster size, exhibiting three closed shells (see figure
2.24, pp 68). We deposit the Agiy; clusters again at RT for a time t, =5 min, with a
cluster ion current of I,, =92 nA before and I, =74 nA after the deposition. We sum-

marize the main deposition parameters in table 5.12.

With the STM we again imaged clusters with a similar narrow height distribution com-
pared to the ones for Agss clusters (see figure 5.76). Figure 5.77 shows the height distri-
bution of the Agj47 clusters with an average cluster height of (1.7 + 0.3) nm . This height
distribution is broader compared to the one of the Agss clusters due to less quality of the
Ceo 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.

18™ DEPOSITION — AGy47 CLUSTERS / 1 ML Cgo/ AU(111)

Deposition time tp [min. ] 5 Power Pyouree [Watt] 9

Sample bias Ugampie [ V] -26 Temperature Tsamplc [°C] RT

Frequency f [Hz] 113962.3 Waiting time ty, [ps] 24

Mass m [amu] 15915 Cluster current (before deposi- 92
tion) [pA]

Flux ® Ar/He 509 /100 Cluster current (after deposi- 74

[sccm/scem] tion) [nA]

Table 5.12 Deposition parameters for the sample system Agjs; on 1 ML Cgy on Au (111).
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Figure 5.76 Agy;clusters on 1 ML Cgoon Au (111).

(Top) typical STM image of two Agy4; clusters. (Bottom) Line profile of the clusters (a) and (b) with

measured heights h,) = 1.79 nm, and hpy = 1.76 nm. (Uwnetting = 0.71 V / Lunneiing = 0.079 nA).
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Figure 5.77 Height distribution of Ag4; clusters on 1 ML Cqy on Au (111).

54.1.3 Ag309 /1ML C60 / All(lll)

The third magic cluster size we wanted to study is the Agsgp cluster. The appropriate
MACKAY icosahedron exhibits four closed shells (see figure 2.24, pp 68). In this experi-
ment, we used a deposition time of t; =5 min., and measured a cluster ion current of
I, =60 nA before and I, =60 nA after the deposition. Once more, we sum up the

essential deposition parameters in table 5.13.
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We imaged clusters, which show again an extremely narrow size distribution (see figure
5.78). The height distribution in figure 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 Uyps = +10 V and observe the same average cluster height (see figure

5.86 in sec. 5.4.2). We will discuss this sample in the next section.

19™ DEPOSITION — AGsg9 CLUSTERS / 1 ML Cyo/ AU(111)

Deposition time tp [min. ] 7 Power Pyouree [Waltt] 9
Sample bias Ugampic [V] -50 Temperature Tample [°C] 53
Frequency f [Hz] 78650.13 Waiting time t,, [us] 51
Mass m [amu] 33412 g(}l%s[t;;]"u“ent (before deposi- 70
EléléiﬁscAcrH/l ]He 435 /100 golllll)s[t:; ]current (after deposi- 70

Table 5.13 Deposition parameters for the sample system Agsp9 on 1 ML Cgp on Au (111).
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2.58 nm

0.00nm

Figure 5.78 Agjzg clusters on 1 ML Cgy on Au (111).
(Top) typical STM image of five Agsgo clusters on a Ceg island (Ugnetiing = 2.0 V / Lunneting = 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 Ag;g clusters on 1 ML Cg¢y on Au (111).

54.14 Agse1 / 1 ML Cg / 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 Agss;. We expect, because of the calculated cluster height for Agse, cluster
heights of about hy,,, = 2.6nm. We deposited the clusters using the deposition parame-
ters arranged in Table 5.14. In the line profile in figure 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 figure 5.81) — one maximum again for clusters

with 1.76 nm height.
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23™ DEPOSITION — AGsg; CLUSTERS / 1 ML Cyo/ AU(111)

Deposition time tp [min. ] 15 Power Pyouree [Watt] 9
Sample bias Ugampie [ V] +10V Temperature Tsample [°C] RT
Frequency f [Hz] 58387.2 Waiting time t,, [us] 9 us
Mass m [amu] 60628 g(}l‘ll)s[ts;]"“mm (before deposi- | g
El;lé( ni(;SCACrn/l ]He 413/ 80.8 t(ijolrlll)sfi ]current (after deposi- N/A

Table 5.14 Deposition parameters for the sample system Agss; on 1 ML Cg on Au (111).
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Figure 5.80 Agse clusters deposited onto 1 ML Cyo on a Au (111) substrate.
(Top) typical STM image of several clusters on large Cg islands. (Bottom) Line profiles of these clusters

showing slightly different heights (Ugneiiing = 2.0 V / Iynneting = 0.02 nA).
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Figure 5.81 Height distribution of Agse; clusters on 1 ML Cgo on Au (111).

One observes two maxima for the cluster heights (1.75 nm and 2.5 nm).

54.1.5  Agyi/ 1ML Cg/ Au(111)

As final cluster size in this deposition series, we deposited Agoy; clusters onto the Cgp
functionalized surface. Table 5.15 contains the deposition parameters and figure 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 equation 2.21 is hag,, =3.11 nm (see table 2.3, p. 62). The height distribution we
depict in figure 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 figure 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 figure 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 virfual 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 figure 5.84). This would also lead to a double peak in the height

histogram as well as we observed for the Agse; clusters (see figure 5.81).

20™ DEPOSITION — AGgyz CLUSTERS / 1 ML Cgo/ AU(111)

Deposition time tp [min. ] 30 Power Pgouree [Watt] 9

Sample bias Ugampie [ V] -1 Temperature Tsample [°C] RT
Frequency f [Hz] 45525.32 = Waiting time t,, [us] 88
Mass m [amu] 99729 Cluster current Ipqg (before 30

deposition) [pA]

Flux ® Ar/He 100.1/ Cluster current 4 (after 30
[sccm/scem] 319 deposition) [nA]

Table 5.15 Deposition parameters for the sample system Agoy; on 1 ML Cqy on Au (111).
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Figure 5.82 Agyy; clusters deposited on 1 M1 Cgo on a Au (111) substrate.
(Top) STM image shows a typical area of this sample (Uwpetiing = 2.0 V / Lunneling = 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 Agg,; clusters on 1 ML Cg 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 Aggy; clusters on 1 ML Cg¢y on Au(111).

The heights of measured real cluster heights: hy = 2.95 nm, hy, = 2.84 nm, h, = 3.22 nm, and
h) = 3.29 nm. Due to a double tip effects one observes also ghost images of non-existing clusters with
virtual cluster heights hg)y« = 1.48 nm, hyy+ = 1.36 nm, h(« = 2.06 nm, and hg)» = 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(t) =1.76 nm, or h(g) =1.70 nm. (Utunelling =20V/ Itunneling =0.02 HA)
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5.4.2 Discussion

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 figure 5.85. Moreover, we add to this diagram
the calculated cluster heights h,, using the model of a simple sphere (see equation 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 Agss; and Agg,s. 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 Agse; the calcu-
lated height of hi, =2.64nm agrees with the measured one of hi}' ~2.5 nm for the
larger clusters. In the same way, the estimated cluster height of Aggs of hj,,, =3.11 nm
is approximately equal to the measured one of hiP ~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 figure 5.85 indicates that we were not able to provide a height

distribution for the small clusters for Aggs, although we observe several clusters with a

height of 1.7 nm (see sec. 5.4.1.5 and figure 5.83, clusters (e), (f), and (g)).

As we showed exemplarily for Agss clusters, areas with different cluster densities (see
figure 5.74) exhibit clusters with the same cluster height of about 1.7 nm (see figure 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 2.3.1 (pp 56).

To exclude also deposition-induced effects due to, e.g., too high deposition energies, we
repeated the deposition of Agsg clusters. We summarize all deposition parameters in the
appendix in table 5.13. In contrast to the first Agsp deposition, we used in the second one
a bias voltage Uyiys at the onset of the cluster ion current decay (see figure 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 figure 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.
7.3, pp 199). Hence, we had to vary the deposition time between 5 minutes (e.g., for
Agi47) and 30 minutes (e.g., for Agey3) 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 Agspy sam-
ple. We deposited the Agspy clusters for 15 minutes onto the Cg 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. Figure 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 Agsgy clusters with the STM. Figure 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 Cg 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 Cgo layer on Si(111) [.155]. In our case, the question arises, where do the silver

clusters go?
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Figure 5.88 shows an STM image of the Ag;4; sample imaged at specific tunneling condi-
tions. In this case, we observed beside the Agj47 clusters on the Cg islands (area (a) in
figure 5.88) two more areas. Area (b) exhibits a very low Cgy coverage. One can see
decorated step edges of the Au (111) substrate. The height of a gold step edge amounts to
hsg,, = a/ J3=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 Cg free areas, where we deposited the
Ag47 cluster. Because we never observed such structures on a freshly prepared Cq 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. 2.1.1, pp 31).

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) [[156]. 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 Cg islands to the Cg 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 Ag, 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 [.157] but do not coalesce with one another on
the time scale of one day [.158]. 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 Cg 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 t for the equilibrium shape, we use
a formula which is derived in ref. [98] and used in ref. [95] for Au crystals with microme-
ter dimensions.

'kTo
T= 2
24YAuDS(Au)VAu

Equation 5.27

r: cluster radius, k: BOLTZMAN’S constant, y,,: surface energy for Au [.159], va,: atomic volume of Au,
c: area per surface atom [.160], and Dgy): surface diffusivity of Au at 350 ° C [.161] (further values for

Ds of different materials can be found in ref. [.162], 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 ©~10"*s (from ref. [55]).
Theoretical calculations of FERRANDO and TREGLIA shows that the diffusivity constant Dg
for Ag at T = RT is almost equal to Dg of Au at T = 350 °C [.163]. All other parameters

(v and o) are similar for Ag and Au.

I'4kTGAg

‘c =
24y auDs(ag)Vag

_ -20 2.2
Equation 5.28 7 =1.12-107" - Dy(agy m s

Tagss = 0.61 -10° m: cluster radius, k: BOLTZMAN’S constant, Yag = 0.49 J / m*: surface energy for Ag
[164], va, = L1.71- 107 m3 : atomic volume of Ag, Gag= 6.7 - 10°° m?: area per surface atom [160], ,

T =300 K.

For a diffusivity constant of Ag from theoretical calculations (Dsag = 2-107°m’s™
[163]) this leads to the unrealistic short time t in the order of 10'* 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 withtoc r*,
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 Aggs clusters is
around 4 times longer than for Agspy clusters under the same conditions. We have to
assume, that the clusters exhibit metastable shapes rather than equilibrium geometries and
that the Aggy; remain their original shape until they are stored in the STM chamber at
77 K in contrast to, e.g., Agsoo 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 Agsg clusters (Deposition No. 21, see 7.3.5, p. 203) deposited at
Tsampte = RT, transferred after 30 min into the STM, and investigated at Tsry = 77 K.

(Top) typical STM image Agsyy clusters on large Ceo islands (Uwneliing = 3.1 V / Tiynneling = 0.059 nA).
(Bottom) Line profiles of some randomly chosen clusters. Sample bias of U,s = +10 V used in this
experiment, in contrast to the first Agzg sample (deposition No. 19, see appendix 7.3.4, p. 202 and sec.

5.4.1.3, pp 168).
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Figure 5.87 The same Ags cluster sample after storing 12 h at Tgympie = RT.
(Top) typical STM image taken at Tstym = 77 K (Ugneliing = 2 V / Trunneting = 0.03 nA). (Bottom) Line profile

of four randomly chosen clusters.



186 CHAPTER 5 RESULTS AND DISCUSSION

2.93 nm

Figure 5.88 Ag47 clusters on 1 ML C¢y on Au(111).

(Utunelling =1.1V/ Itunneling =0.057 IlA)



Chapter 6

SUMMARY AND OUTLOOK

n the present work, we reported our research project about metallic clusters
I (chapter 2) on surfaces. We prepared sample systems of different cluster types and
materials (sec. 4.1.5) grown or deposited on various buffer layers (sec. 4.1.4) on miscella-
neous substrate systems (sec. 4.1.3). We used the experimental techniques STM (sec.
2.2.1) and UPS (sec. 2.2.2) 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. 5.1.1.2, pp 135). 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. 5.1.1.3, pp 139). 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. 2.2.3.1, pp 49), is no longer the FERMI
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energy but the vacuum energy of the substrate (see figure 5.61). In this sense, we called

the clusters decoupled by rare gas layers free clusters on substrate.

In addition, in section 3.2 (pp 78) 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 [5]. 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 [116] and the mass selector
[117] for the generation and deposition of mass-selected Ag, 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 Ag, clusters deposited
with a rather high kinetic energy on HOPG (n=40, 55, and 80) in section 5.2 (pp 146). In
accordance to the results of CARROLL et al. [104], 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 Agss clusters due to the observed

cluster height relation

dgss < hAg4o< hAggo.
We could give a possible interpretation regarding the high stability due to the closed
geometric shell structure of the Agss cluster. Finally, we got from these experiments
further evidence for the high mobility [158] of clusters on HOPG due to the preferred

position of Agg clusters only at multiple step edges (see figure 5.70).

Moreover, we presented first UPS results of large size-selected clusters on Xe on HOPG
in section 5.3 (pp .156). 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 Agy 3o 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 2.2.3.3, pp 53) 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 figure 1.2).

Finally, yet importantly, we investigated mass-selected geometric magic silver clusters
deposited on a Cg functionalized gold surface. The results we presented in section 5.4.1
(pp 160) 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. 5.4.2, pp 179). This obser-
vation differs significantly from the constantly increasing calculated cluster heights (see
plot in figure 2.19, p. 62). In addition, we observed for Agss; and Agoy; larger clusters that
roughly agree with the expected cluster sizes. For Agss; two maxima in the size distribu-
tion were revealed with good statistics. We showed exemplarily for Agss clusters, that
areas with different cluster densities (see figure 5.74) exhibit clusters with the same clus-
ter height of about 1.7 nm (see figure 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 Cgp. We observed that after 12 hours at room temperature the
cluster height remains constant, while the cluster density decreases significantly (see

figure 5.86 and figure 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 Ag, clusters (n=55, 147, 309, 561, 923, and maybe
1415) on a Ce 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-Cgo-Au(111)-sample system.

Furthermore, we will measure STS spectra for size-selected clusters. Figure 6.89 shows
first experimental results of STS spectra of individual clusters of the three different clus-
ter sizes Agss, Ag30, and Agorz on the Cg 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 Ceo layers. It will be extremely
interesting to compare these results with the results of cluster in a free beam (see 2.4.2, pp
62), where v. ISSENDORFF et al. nicely observed and explained the quantized electronic

structure.
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Figure 6.89 STS spectra of Agss, Agsn9, and Agg,; 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 2.2.1.3, p 44).






Chapter 7

APPENDICES

7.1 Cluster Machine Drawings

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, SH;t: LT-Sample Holder, PCH: Preparation Chamber, D;, D,, and Dy:
Deposition Optics, D; and y./y.: y-deflector electrode combination, MCH: mass-selector chamber, Vcp:
connection valve between SSF and MCH., t,,,: movable tube, Uy,: high voltage connector of the movable
tube, e exit tube (of the mass-selector), CT: channeltron I, FC;: FARADAY Cup I, AR: acceleration
region, AP: acceleration plate, DR: deceleration region, DP: deceleration plate TPM: turbo pump of the

mass-selector chamber, E: focusing electrode, L: Laser.
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CCH: cryo-pump chamber, H: cryo cold head, S,: outer shielding, tc: cryo tube, ST;: 1% stage of H, STy;:
2" stage of H, Fy: Boron Nitride foil, Dy x-y-deflector plates, TPC: turbo pump of the cryo-pump
chamber, V¢ floating voltage, A;, A, and A;: acceleration electrodes, SCH: cluster source chamber s:
skimmer, i: iris, m: magnetron sputter discharge head, drae: distance between target and iris, TPS: turbo

pump of the cluster source chamber. LN,: liquid nitrogen cooling cycle.
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7.2 Gifford-McMahon cool head Coolpower 5/100T

n

Figure 7.92 Schematic depiction of the Two-stage Gifford-McMahon cool head Coolpower 5/100T.

(1) 2™ (refrigeration) stage, cooper flange, (2) Expansion volume, 2™ stage, (3) Displacer piston,
2" stage, (4) 1 (refrigeration) stage, copper flange, (5) Expansion volume, 1* stage, (6) Displacer piston,
1* stage, (7) Weld-on pipe, (8) Control valve, (9) Synchronous motor, (10) He high-pressure connection,

(11) Safety valve, (12) He low-pressure connection [118].
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7.3 Deposition Parameter Sets for Size-Selected Clusters

7.3.1 Deposition No. 3: Ag,,/ HOPG

Deposition time tp [min. ]
Sample bias Ugampie [ V]
Frequency f [Hz]

Mass m [amu]

Flux ® Ar/He
[sccm/scem]

rarge [em]
URing [V]
Unis [V]

A1 [V]

A [V]

A3 [V]
Uskimmer [V]
Uy-[V]

Uy: [V]

20

-800

223569.70

4126

160 /200

11.5

-132.2

-450.6

-12.6

-16.61

-502

494

-493

-503

Power Pgource [ Watt]
Temperature Tgampie [°C]

Waiting time t,, [us]

Cluster current Ig (before
deposition) [pA]

Cluster current I, (after
deposition) [nA]

Utocus [V]

Um [V]
Udeftector top [ V]
Uldeftector down [ V]
Up [V]

Un2 [V]

Ups [V]

Ups [V]
Uy.[V]

Uy [V]

UFloat. V.

Deposition Parameters for Ags, / HOPG.

RT

6.3

2.8

-239.3

-648

474

UFloat. V.

-438

-149.8

-231.1

-648

-239.8

-225.8

-500
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7.3.2

Deposition time tp [min. ]
Sample bias Ugampic [ V]
Frequency f [Hz]

Mass m [amu]

Flux ® Ar/ He
[sccm/scem]

Ararger [em]
URing [V]
Unis [V]
Ai[V]

A2 [V]

A; [V]
Uskimmer [V]
Uy-[V]
Uy [V]
Ux+[V]

Ux-[V]

10

-5

1859244

5980

81.6/384

13

25.596

10,2816

-48,002

-306,20

-12,7095

-17,3375

-496,36

-499,26

-495,82

-499,80

Deposition No. 13: Agss/ Cg/Au

Power Pyouree [Watt]
Temperature Tgampie [°C]

Waiting time t,, [us]

Cluster current Ipq (before
deposition) [pA]

Cluster current I,q (after
deposition) [nA]

Utocus [V]

Um [V]
Uldeftector top [V]
Uldeftector down [V]
Up [V]

Un2 [V]

Ups [V]
Ups[V]
Uy.[V]
Uy+[V]

UFloat. V.

Deposition Parameters for Agss on 1 ML Ceo,

14

40

67

N/A

-213,573

-579,19

481,43

Float. V.

-0,0501

-145,534

240,08

-579,24

240,75

-231,373

-500 V
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7.3.3 Deposition No. 18: Ag;47/Cgo/Au

Deposition time tp [min. ] 5 Power Pgyouree [Watt] 9
Sample bias Ugampic [V] -26 Temperature Tample [°C] RT
Frequency f [Hz] 113962.30 = Waiting time t,, [pus] 4
Mass m [amul] 15915 dcelplis_;tifit);)u[gr/i?t Toa (before 92
Flux ® Ar/He 100/ 500 Clust'e'r current I,q (after 74
[sccm/scem] deposition) [nA]

rarger [em] 16.5 Usoeus [V] -192.642
URing [V] 25.094 Um[V] -651.54
Utis [V] 21.922 Uleflector top [ V] -488
A [V] -127.988 | Ugettector down [ V] Ukloat. v.
A, [V] -145.937 || Up [V] -486.77
A; [V] -13.725 Up2 [V] -99.551
Uskimmer [V] -11.94 Ups [V] -237.99
Uy.[V] -494.19 Ups[V] -652.26
Uy:[V] -501.04 Uy.[V] -241.41
Ux+[V] -496.67 Uy~ [V] -222.640
Ux.[V] -499.11 Ukloat. v. -499.9

Table 7.18 Deposition Parameters for Agj47 on 1 ML Cey.
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734

Deposition time tp [min. ]
Sample bias Ugamplc [V]
Frequency f [Hz]

Mass m [amu]

Flux ® Ar/ He
[sccm/scem]

rarger [em]
Uring [V]
Uris [V]
Ai[V]

Az [V]

Az [V]
Uskimmer [V]
Uy-[V]
Uy [V]
Ux+[V]

Ux-[V]

Table 7.19

Deposition No. 19: Ag;9/Cgo/Au

-50

78650.13

33412

100 /435

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Power Pgouree [Watt]
Temperature Tample [°C]

Waiting time t,, [us]

Cluster current Ipg (before
deposition) [pA]

Cluster current I,q (after
deposition) [nA]

Utocus [V]

Ui [V]
Uldeftector top [V]
Uldeftector down [V]
Up: [V]

Un2 [V]

Ups [V]

Ups [V]
Uy.[V]
Uy+[V]

UF loat. V.

Deposition Parameters for Agzp on 1 ML Cgo (depo 19).

53.17

70

70

N/A

N/A

N/A

UFloat. V.

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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7.3 DEPOSITION PARAMETER SETS FOR SIZE-SELECTED CLUSTERS

7.3.5 Deposition No. 21: Agz99/Cgo/Au

Deposition time tp [min. ]
Sample bias Ugampie [ V]
Frequency f [Hz]

Mass m [amu]

Flux ® Ar/He
[sccm/scem]

Ararger [om]
URing [V]
Unis [V]
Ar[V]

Az [V]

A; [V]
Uskimmer [V]
Uy-[V]
Uy [V]
Ux+ [V]

Ux-[V]

15

10

78650.13

33412

100/318

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Power Pyouree [ Watt]
Temperature Tsample [°C]

Waiting time t,, [us]

Cluster current I,g (before
deposition) [pA]

Cluster current I, (after
deposition) [nA]

Utoeus [V]
Um[V]
Uldeftector top [ V]
Uldeftector down [V]
Up [V]

U [V]

Ups [V]
Up4[V]
Uy.[V]
Uy+[V]

UFloat. V.

Deposition Parameters for Agsgo on 1 ML Cgg (depo 21).
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RT

60

60

N/A

N/A

N/A

UFloat. V.

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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7.3.6

Deposition time tp [min. ]
Sample bias Ugamplc [V]
Frequency f [Hz]

Mass m [amu]

Flux ® Ar/ He
[sccm/scem]

rarger [em]
Uring [V]
Uris [V]
Ai[V]

Az [V]

Az [V]
Uskimmer [V]
Uy-[V]
Uy [V]
Ux+[V]

Ux-[V]

Table 7.21

Deposition No. 23: Agsq/Cgo/Au

15

-2

583687.2

60628

80.8/413

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Power Pgouree [Watt]
Temperature Tsample [°C]

Waiting time t,, [us]

Cluster current Ipg (before
deposition) [pA]

Cluster current I,q (after
deposition) [nA]

Utocus [V]

Ui [V]
Uldeftector top [V]
Uldeftector down [V]
Up: [V]

Un2 [V]

Ups [V]

Ups [V]
Uy.[V]
Uy+[V]

UF loat. V.

Deposition Parameters for Agss; on 1 ML Cey.

RT

56

50

N/A

N/A

N/A

UFloat. V.

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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7.3 DEPOSITION PARAMETER SETS FOR SIZE-SELECTED CLUSTERS

7.3.7 Deposition No. 20: Agy,3/Cgo/Au

Deposition time tp [min. ]
Sample bias Ugampic [V]
Frequency f [Hz]

Mass m [amu]

Flux @ Ar/He
[sccm/scem]

Ararger [em]
URing [V]
Unis [V]
Ar[V]

Ay [V]

Az [V]
Uskimmer [V]
Uy-[V]
Uy+[V]
Ux+[V]

Ux-[V]

30

-1

45525.32

99729

100/319

15

17.685

14.705

-79.147

-172.644

-9.798

-10.322

-497.93

-497.77

-497.94

-497.79

Power Pgouree [Watt]
Temperature Tsample [°C]

Waiting time ty, [ps]

Cluster current Ipq (before
deposition) [pA]

Cluster current I,q (after
deposition) [nA]

Utoeus [V]

Um [V]
Udeftector top [ V]
Uldeftector down [V]
Upi [V]

Un2 [V]

Ups [V]
Up4[V]
Uy.[V]
Uy+[V]

UFloat. V.

Deposition Parameters for Aggy; on 1 ML Cey.
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RT

11

30

30

-197.351

-671.93

-487

UFloat. V.

-1.461

-106.902

-236.04

-671.91

-241.40

-227.495

-500
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7.3.8 Deposition No. 9: Ag,;3/10 ML Xe /Au

Deposition time tp [min. ] 30 Power Pgoyree [Watt] 8
Sample bias Ugamplc [V] -50 Temperature Tsample [K] 30
Frequency f [Hz] 30092.9 Waiting time t,, [pts] 17
Mass m [amu] 230000 || SJuSter current o (ocfor 0.98
Flux ® Ar/He 858 /136 Clust.e.r current Iq (after 0.88
[sccm/scem] deposition) [nA]

Aryrger [Cm] N/A Utocus [V] N/A
URing [V] N/A Um[V] N/A
Utis [V] N/A Uleflector top [ V] N/A
A [V] N/A Udeftector down [V] N/A
A, [V] N/A Up: [V] N/A
A;[V] N/A U [V] N/A
Uskimmer [ V] N/A Ups [V] N/A
Uy.[V] N/A Ups[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

Table 7.23 Deposition Parameters for Ag130on 1 ML Cey.
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